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The present thesis introduces a novel numerical methodology for multiscale flows with 
application to complex droplet fragmentation cases. The proposed methodology concerns a 
compressible two-fluid model developed in OpenFOAM® and provides the flexibility of dealing 
with the multiscale character of flow fields: the interface scales greater than the grid size are 
resolved using the sharp interface (VOF) methodology, while the smaller ones, representing the 
diffused phase, are resolved by solving an additional transport equation of the generated surface 
area density (Σ) of the dispersed droplet cloud. The solver switches automatically between the 
sharp and the diffuse interface within the Eulerian-Eulerian framework in segregated and 
dispersed flow regions, respectively, by employing a dynamic interface sharpening based on a 
flow topology detection algorithm.  
Validation cases against a two-fluid shock tube and a rising bubble depict the accuracy of the 
numerical methodology to deal with highly compressible flows and fast changing interfaces. 
Initially, the functionality of the multiscale framework is demonstrated for high-speed droplet 
impact cases with Weber numbers above 105 and compared with new experimental data. At the 
investigated impact conditions, compressibility effects dominate the early stages of droplet 
splashing with shock waves to form and propagate inside the droplet and local Mach numbers up 
to 2.5 to be observed for the expelled surrounding gas outside the droplet. At the later stages of 
splashing, the dispersion of the dense cloud of fragments dominates and an insight into the 
fragments dynamics and the evolving sizes is presented. Subsequently, the droplet aerobreakup 
imposed by three different intensity shock waves, with Mach numbers of 1.21, 1.46 and 2.64, is 
investigated. The major features and physical mechanisms of breakup, including the incident 
shock wave dynamics and the vortices development, are accurately captured. Additionally, the 
dense mist development and the evolution of the underlying secondary droplets is examined under 
different post-shock conditions, based on the sub-grid scale modelling. Finally, the laser-induced 
fragmentation of a liquid droplet for different laser pulses that correspond to resulting droplet 
propulsion velocity values between 1.76m/s and 5.09m/s is investigated. Both the early- and later-
time droplet dynamics are accurately captured and the influence of the laser energy on the droplet 
deformation and subsequent fragmentation is highlighted. The evolution of the produced 






The major contributions of the present thesis can be summarized in the following points: 
• Development of a multiscale framework 
The novel methodology employs the compressible Navier-Stokes equations of two 
interpenetrating fluid media using the two-fluid formulation and operates between two different 
interface formulations, namely the sharp and the diffuse interface approach. Within the sharp 
interface approach the examined interfaces are resolved by the local mesh resolution, while in the 
diffuse interface approach sub-grid scale modelling is applied for the unresolved flow structures, 
incorporating an additional transport equation for the interface surface area density (Σ). 
Additionally, the implemented flow topology detection algorithm allows for a physically 
consistent switching between the two interface formulations with respect to the local flow 
regimes. 
• Modelling of high-speed droplet impact 
The high-speed impact of a water droplet onto a solid wall with Weber numbers above 105 is 
simulated for the first time in the literature using the developed multiscale framework and 
validated against new experimental data. Additionally, the multiscale framework allows for the 
consideration of all scales involved and the quantification of the produced fragments.  
• Modeling of droplet aerobreakup 
The aerodynamic breakup of a water-like droplet imposed by three different intensity shock 
waves, with Mach numbers of 1.21, 1.46 and 2.64, is investigated using the developed multiscale 
framework. The numerical simulations focused on the later-stages of fragmentation in which the 
produced dense mist dominates. Two stripping mechanisms are identified and analysed dependent 
on the Mach number. An insight into the flow development, the secondary droplet interactions, 
and the evolution of sizes inside the polydisperse mist is obtained for the first time in the literature.  
• Modelling of laser-induced droplet fragmentation  
The response of a liquid droplet to different laser pulses that correspond to subsequent droplet 
propulsion velocity values between 1.76m/s and 5.09m/s, is examined, using the developed 
multiscale framework. Both the early- and the late-time dynamics are simulated for the first time 
in the literature and the influence of the laser energy on the macroscopic deformation and 
expansion rate of the droplet is demonstrated in consistence with the experimental observations. 
The physical mechanisms that determine the fragments dynamics, including the effects of the 
surrounding air, are captured. For the first time in the literature, the evolution of the fragments 
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In this chapter, the scientific background and the motivation for the present work are presented, 
along with the objectives and the outline of the thesis. 
1.1 Background and Motivation 
Droplet fragmentation is a fundamental multiscale problem that consists of the violent breakup of 
a large-scaled droplet into a polydisperse cloud of small-scaled fragments with a broad 
distribution of sizes. The widespread droplet fragmentation can be imposed by the breakup of 
previously formed ligaments or liquid sheets under the developed surface instabilities and the 
relative velocity between the liquid droplet and the surrounding air and additionally, by significant 
topological changes in the flow field, including the droplet interactions with solid surfaces, shock 
waves, laser pulses or other droplets [8]. Overall, fragmentation is found in multiple state-of-the-
art technologies under various flow conditions. In the automotive industry, high-speed droplet 
impact [9] is observed inside the fuel combustion chamber of internal combustion engines, which 
influences the secondary fuel spray atomization and the resulting air-fuel mixture combustion, 
while in supersonic combustion (scramjet) engines the secondary liquid atomization is 
significantly affected by the shock wave induced breakup [10] of the produced secondary droplets 
under the underlying supersonic flow conditions. At the same time, the novel industry of 
semiconductors aims to the reduce the sizes of microchips using advanced manufacturing 
techniques, such as extreme ultraviolet (EUV) nanolithography [11], [12], which involves 
complex processes of laser-induced droplet fragmentation [13].  
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Focusing on the energy industry, despite the inevitable environmental cost and the non-infinite 
natural resources, oil is expected to remain the world’s primary energy source up to 2040, meeting 
about one-third of global energy demand. In the transportation sector, oil will continue to cover 
about 95% of global energy needs [14], due to widespread availability, economic advances and 
high energy density. Global transportation energy demand is about to grow 25% between 2015 
and 2040 with the demands in heavy-duty vehicles to have the largest growth in volume, while 
marine and aviation will face the largest percentage growth [14]. Given the increasing global 
energy demands, the challenge for the next decades is to provide the needed energy supplies and 
at the same time to reduce energy-related greenhouse emissions. Specifically, regarding the 
transportation sector, which is responsible for about 20% of global CO2 emissions, heavy-duty 
trucks and buses already account for nearly a quarter of Europe’s road transport CO2 discharges 
with a trend to increase up to 10% until 2030, while globally their contribution in CO2 emissions 
rises to almost 50%. In an attempt to reduce global CO2 emissions in order to meet the goals set 
in the 2015 Paris climate agreement, the global emission standards for both light and heavy-duty 
vehicles are becoming more stringent over the years [15].  
Key factor in achieving the demanding energy and environmental goals is the development of 
new technologies, aiming to more efficient engines and improved fuel economy for cars and 
commercial vehicles. Thanks to recent technical advances, the emissions from diesel engines have 
been reduced by around 99% and modern diesel cars emit about 98% less NOx comparing to 
vehicles of the early 1990s [16]. Current scientific research focuses on the development of 
advanced fuel injectors, which will operate under higher injection pressure, providing improved 
conditions for the atomization process, better air-fuel mixture and finally, an optimal combustion 
without formation of soot.  
Aiming to the design of more efficient fuel injection systems, a deep understanding, and an 
accurate modelling of the complex multiscale, multiphase phenomena, taking place in the in-
nozzle flow and further ahead in the spray formation and atomization region before combustion, 
is required. Due to the high complexity and the usually non-feasible computational cost, liquid 
fuel penetration and atomization have not been studied extensively over the years with most of 
the currently used numerical models being based on empirical correlations and experimental 
studies which have been held under non-realistic operating conditions [17], [18]. Therefore, there 
is a high demand in the industry for more accurate atomization models that can reveal all the 
complicated phenomena and flow features, being present under realistic operating conditions in 
order to improve the designed fuel injection systems. 
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HAoS ITN project focused on bridging the gap between up-to-date scientific knowledge and the 
industrial interests through the development of new experimental and numerical techniques to 
capture the complex phenomena during liquid spray atomization. Advanced combustion engines 
are operating under different fluid regimes in high pressures and temperatures during their 
operating cycle [19], introducing significant complexities in any modelling attempt of the 
atomization process. In the classical spray regime [19], governed by the classical theory of 
atomization mechanisms under subcritical conditions, surface tension forces play a significant 
role and a well-defined molecular interface is present to separate the liquid and gaseous phases. 
Based on morphological characteristics of a classical atomizing spray, two distinct spray regions 
have been identified. The primary atomization region, where under the action of surface tension 
and turbulence effects the initial liquid column breaks down and forms small ligaments, and the 
secondary atomization region, in which the dominant aerodynamic forces cause further break 
down of the formed ligaments into small droplets. The formation and breakup of a disintegrating 
liquid spray is influenced by numerous factors, like the thermo-physical states of both liquid and 
ambient gas, the nozzle geometry, the internal flow features, the turbulence at nozzle exit, the 
viscosity effects and the aerodynamic forces between liquid structures and gas, among others [20]. 
However, even within the classical spray regime,  multiscale phenomena, involving a broad range 
of spatial and temporal scales, are dominant, influencing not only the atomizing liquid spray, but 
also the individual droplets forming inside the spray. Specifically, the secondary droplets inside 
the combustion chamber are subject to high velocities and extreme thermodynamic conditions, 
which are related to a vast range of complicated multiscale phenomena, including the mechanical 
impact of the produced secondary droplets onto the wall; all the underlying small-scale 
phenomena significantly affect the overall spray behaviour. Therefore, a thorough understanding 
of the liquid fuel atomization concerns the investigation of all the multiscale process, related with 
the secondary droplets inside the spray.  
Similarly, the challenge of manufacturing more efficient scramjet engines involves the deep 
understanding of all the complex processes that influence the supersonic combustion. In the 
absence of a compressor, the supersonic conditions and the created shock waves are responsible 
for the incoming air flow compression, the effective air-fuel mixing before ignition and the 
subsequent combustion efficiency [21], [22]. Therefore, the quality of the produced air-fuel 
mixture is significantly influenced by the developed liquid fuel droplet dynamics, including the 
shock wave induced breakup and vaporization of large-scale liquid fuel droplets [23]; both 
processes result in the formation of smaller-scaled liquid fuel droplets that allow for a more 
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effective mixing with the supersonic air flow. Following the significantly demanding 
aerodynamic conditions and the formation of a polydisperse mist of secondary droplets with a 
vast range of scales involved, the numerical studies in the literature that investigated the droplet 
aerobreakup are restitched to incidence shock wave Mach numbers close to 1, see indicatively the 
works of  [24] and  [10]. Therefore, further research is required in order to reveal information 
about the produced structures inside the dense mist after the droplet aerobreakup, the interactions 
between the secondary droplets and the surrounding air and the final size distributions of the 
small-scaled droplets that characterize the air-fuel mixing properties. 
Finally, focusing on the technological breakthrough in electronics, the exponentially increasing 
demand in faster access to information and higher storage capacity leads the semiconductors 
industry to invest in novel manufacturing technologies of microchips. As described by Moore’s 
law [25], at modern times, the number of transistor integrated in a microchip per unit area grows 
exponentially in order to meet the rapidly increasing technological demand. Therefore, the 
semiconductor manufacturers focus on reducing the size of the microchip components by using 
state-of-the-art technology of EUV nanolithography [11], [12]. In the EUV nanolithography, the 
critical dimension, which defines the minimum size features that can be printed on a surface with 
the photolithography method, is reduced to nanoscales and the respective illumination wavelength 
is decreased to λ=13.5nm [26]. However, a complete redesign of the ordinary photolithography 
machines is required in order to apply the EUV nanolithography method. Therefore, the 
investigation of the parameters that affect the EUV light creation and absorption is necessary for 
the design of efficient EUV nanolithography equipment. Specifically, ASML designed a EUV 
light source, imposed by the plasma emission of a liquid tin droplet after the impact with a high-
energy laser pulse [13]. Subsequently, the produced EUV radiation is directed to the target with 
a collection of mirrors. The laser-induced liquid droplet fragmentation, which initiates the 
nanolithography process, consists of complex physical mechanisms, which remain unrevealed 
due to the demanding high energy conditions that introduce significant complexities in the 
numerical modelling. As a result, the thorough investigation of the liquid droplet response to 
different laser energies can provide significant information for the design of efficient EUV 
nanolithography machines. 
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1.2 Objectives  
The aim of the present thesis is to develop a physically consistent multiscale approach in order to 
accurately capture the uninvestigated droplet dynamics with a viable computational cost. Thus, 
the novel numerically methodology allows for the simulation of complicated flows  and elucidate 
aspects and mechanisms that are not visible in the experiments due to limitation in the diagnostic 
method and at the same time, are not deeply investigated in the up-to-date numerical studies in 
the literature because of the significantly high computational cost of a full-scale analysis. 
The main objectives of the present thesis are summarized as follows: 
1. Develop a numerically stable multiscale framework based on the two-fluid approximation 
that solves the compressible N-S equations considering the slip velocity effects. The 
developed multiscale framework allows for a dynamic and physically consistent switching 
between the sharp and the diffuse interface approach based on the local flow topology. 
Within the sharp interface approach, the examined interfaces are resolved by the local mesh 
resolution, while in the diffuse interface approach sub-grid scale modelling is applied for the 
unresolved flow structures.  
 
2. Implement the Σ-Y transport equation for the diffuse flow regions and utilize relations for 
the various terms; these include the sub-grid scale mechanisms of flow turbulence, droplet 
collision and coalescence and secondary breakup effects. The Σ-Y transport equation 
provides an insight into to the evolution and sizes of the unresolved sub-grid scale structures. 
 
3. Demonstrate the applicability of the model to a wide range of conditions that addressed in 
the open literature for the first time and covering a wide range of applications: 
• the high-speed droplet impact onto a solid wall and predict the dynamics of the produced 
fragments; this is relevant to internal combustion engines. 
• the shock wave-imposed droplet aerodynamic breakup and predict the dynamics inside 
the produced dense mist; this is relevant to supersonic combustion (scramjet) engines. 
• the droplet response to a laser pulse impact and capture the evolution of the rim breakup; 
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1.3 Thesis Outline 
The main body of the present thesis is organised, as described below: 
Chapter 2 introduces the developed multiscale two-fluid approach, the governing equations, and 
the implementation of the new numerical methodology in OpenFOAM®. Validation cases are 
provided. The advantages of the proposed multiscale two-fluid approach are demonstrated in a 
high-speed water droplet impact case and evaluated against new experimental data.  
Chapter 3 examines the aerodynamic breakup of a water-like droplet under high Mach and Weber 
numbers, using the developed multiscale two-fluid approach. The capabilities of the numerical 
methodology to capture dominant compressibility effects is displayed and information regarding 
the structures inside the produced cloud of fragments are revealed. 
Chapter 4 employs the developed multiscale two-fluid approach to simulate the laser-induced 
droplet fragmentation, dominated by the rim breakup. The numerical methodology captures the 
early- and later time droplet response to the laser energy. An insight into the produced fragments 
and the evolving flow field both inside the droplet and in the surrounding air is provided. 
Chapter 5 highlights the major conclusions of the present work and presents recommendations 
for future studies and applications. 
Chapter 6 summarizes the peer-review journal and conference proceedings publications produced 
from the present work. 
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2 HIGH-SPEED DROPLET 
IMPACT 
In the present chapter, the newly developed numerical methodology for multiscale flows is 
presented. The methodology employs the compressible Navier-Stokes equations of two 
interpenetrating fluid media using the two-fluid formulation; this allows for compressibility and 
slip velocity effects to be considered. On-the-fly criteria switching between a sharp and a diffuse 
interface within the Eulerian-Eulerian framework along with dynamic interface sharpening is 
developed, based on an advanced local flow topology detection algorithm. The sharp interface 
regimes with dimensions larger than the grid size are resolved using the VOF method. For the 
dispersed flow regime, the methodology incorporates an additional transport equation for the 
surface-mass fraction (Σ-Υ) for estimating the interface surface area between the two phases. To 
depict the advantages of the proposed multiscale two-fluid approach, a high-speed water droplet 
impact case has been examined and evaluated against new experimental data; these refer to a 
millimetre size droplet impacting a solid dry smooth surface at a velocity as high as 150m/s, which 
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Multiscale complexities are realised in numerous multiphase flow fields of both industrial and 
more theoretical interest due to the temporal and spatial geometric diversity of the flow patterns 
formed by the interacting phases. The different flow structures are characterized by a broad range 
of scales which as a result, impose the coexistence and dynamic transition between different flow 
regimes [27]. Examples from the plethora of multidisciplinary applications include fuel spray 
injection in internal combustion engines, droplet aerodynamic-induced breakup occurring in all 
type of liquid-fuel combustors [5], droplet splashing [9], bubble column bioreactors for chemical 
processes [28] and even the Rayleigh–Taylor instability in a supernova explosion [29]. With 
regards to the two-phase flow of a liquid and a gaseous phase, macroscales dominate the free 
surface regions, where the two phases are separated with a well-defined interface in the presence 
of a segregated regime [30], while flow regions with an intense fluid dispersity due to the 
dominance of fluid microparticles indicate a dispersed regime [30]. Adding to the complexities 
imposed by the scale heterogeneity of the flow field, the simultaneous presence of different 
regimes comes with additional limitations arising from the different physical factors influencing 
them; surface tension effects dominate the segregated flow, while aerodynamic forces play the 
dominant role in the dispersed flow regions. Thus, under the scope of a mathematical modelling, 
it remains challenging and computationally demanding to deal with such multiscale flow systems 
and simultaneously account for different scaled structures, governed by different physical scales 
that cannot be captured by the grid resolution available. 
Several numerical approaches have been proposed in the literature over the years, regarding the 
modelling of multiphase flows in engineering applications. Among the most classic models is the 
Discrete Droplet Method (DDM), developed by Dukowicz [31], in which the dispersed phase is 
considered as a number of similar physical droplets within a stochastic Lagrangian framework; 
the conservation equations are solved for the Eulerian continuous phase. Even though the DDM 
method has been widely utilised in different applications (see selectively the numerical studies of 
Berlemont et al. [32], Boileau et al. [33] and Gorokhovski & Saveliev [34]), it is generally valid 
only when the liquid volume fraction is relatively small and the droplets are homogeneously 
distributed, introducing remarkable limitations in many simulations. In the context of an 
exclusively Eulerian approach, the homogeneous mixture model, proposed by Drew [35], is based 
on the assumption of a single velocity field for both the dispersed and the continuous phases. Due 
to the simple mathematical formulation and the computational feasibility in liquid fuel spray 
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injection applications under realistic geometries and operating conditions, as demonstrated in the 
numerical simulations of Koukouvinis et al. [36] and Pei et al. [37], the homogeneous mixture 
model has been implemented and extensively used in both open-source and commercial software. 
However, the deficiencies regarding the two-phase mixture assumption, the interface diffusivity, 
and the absence of physical sub-grid scale models, often restrict the physical consistency of the 
obtained results. Under a fully Eulerian formulation, the inhomogeneous mixture model, 
introduced by Ishii & Mishima [38], often referred to as the multifluid model, is another 
alternative approach in which each of the interpenetrating phases is considered separately with a 
different set of conservation equations; numerical modelling of the mass, momentum and energy 
exchange mechanisms is required for simulating the interactions between them. Nevertheless, the 
Eulerian-Eulerian approach provides more accurate results mainly under highly dispersed 
conditions away from regimes where a dispersed phase cannot be distinguished, as highlighted 
by Rusche [39].  
In an attempt to overcome the limitations of the previous models and improve the accuracy of 
multiphase flow simulations, Direct Numerical Simulations (DNS), which correspond to a full-
scale analysis of the local variable topology without any assumptions or additional numerical 
models introduced, are the optimum numerical tool. However, very few DNS or unresolved-DNS 
studies can be found in the literature (selectively the numerical studies of Rossinelli et al. [40], 
Gorokhovski & Herrmann [41], Hermann [42] and Shinjo & Umemura [43], [44]), particularly 
for industrial applications; this is due to the prohibitive computational cost with the current 
computational capabilities. Focusing specifically on improving the representation of the liquid 
gas interface, several interface capturing and interface tracking methods have been proposed with 
the volume of fluid (VOF) method [45], [46], the level-set method [47], [48], the ghost-fluid 
method [49] and the front-tracking method [50], [51] to be commonly used. A sharp interface 
approach can be applicable in segregated flows, where large-scale flow features are dominant, 
and the local interfacial structures can be well resolved under the requirement of a sufficiently 
fine computational mesh. Thus, an interface sharpening formulation in dispersed flow regions 
with occurring micro- or even nanoparticles is not computationally feasible.  
Recently, more advanced numerical models have been developed in order to overcome the 
dependency on local flow regimes in specific multiphase flow applications. The ELSA model, 
introduced by Vallet et al. [52], is based on the principles of the Σ-Υ model, developed by Vallet 
and Borghi [53], which was initially proposed for simulating the flame surface area evolution in 
combustion simulations in the study of Marble & Broadwell [54]; it provides a dynamic transition 
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between a Eulerian and a Lagrangian framework in the primary and secondary liquid spray 
atomization regions, respectively. The additional transport equation for the liquid gas interface 
surface area density (Σ) allows for representation of unresolvable sub-grid scale structures with a 
viable computational cost, ought to the physical modelling of the mechanisms responsible for the 
interface surface area density formation, as discussed in detail in the study of Lebas et al. [55]. 
Several variations and improvements of the original ELSA model have been proposed so far, 
including vaporisation [55] and slip-velocity effects [56], as well as a sharp interface formulation 
in the Eulerian part of an atomizing spray [57]. A further insight into the sub-grid scale 
phenomena can be gained with the implementation of a probability density function (PDF) so as 
to obtain secondary droplet size distributions and other stochastic properties of the dilute spray 
using the Method of Moments, developed by Marchisio et al. [58]. In one of the most recent 
formulations presented by Navarro-Martinez [59], a joint sub-grid scale volume surface PDF is 
introduced for the liquid surface and volume dependence to predict in more detail the interface 
surface area density production and destruction at sub-grid level within the ELSA model [52]. 
With respect to commercial CFD codes, a complete atomization model for liquid fuel spray 
simulations has been integrated in AVL FIRE® [60], using a fully Eulerian formulation. The 
interacting phases are resolved with the incorporation of a specific number of Eulerian droplet 
classes, which share the same properties, as demonstrated by Vujanović et al. [61]. Moreover, in 
the recent versions of OpenFOAM®, a hybrid fully Eulerian incompressible solver has been 
implemented, namely multiphaseEulerFoam [62] and used in multiscale vertical plunging jets in 
the work of Shonibare & Wardle [63], supporting a dynamic switching between a diffuse and a 
sharp interface approach within the same multifluid framework. However, the advantages of the 
state-of-the-art numerical models over the more classic approaches are restricted to the needs of 
the specific applications for which they were developed. Therefore, there is a gap in the literature 
for a holistic numerical approach, which can be applicable in any flow field governed by a 
multiscale character and complex physical phenomena, including high compressibility and slip 
velocity effects, regardless of the limitations of local flow characteristics. 
The above methodologies can be applied to the case of a droplet impacting on solid surfaces, 
which represents a fundamental multiscale flow problem, that still attracts the scientific interest, 
due to its relevance in many engineering applications, such as cooling, coating, inkjet printing, 
fuel injection in internal combustion engines, as it is stated in the review works of Kandlikar & 
Bapat [64] and Moreira et al. [9]. The droplet deformation and potential fragmentation after 
impact is very sensitive to several parameters regarding the impact and target conditions; namely 
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the impact velocity, the droplet initial diameter and physical properties, target wettability, 
roughness and surface temperature, as it has been investigated in numerous experimental studies 
(see selectively the experiments of Pan et al. [65], Visser et al. [66], Antonini et al. [67], Roisman 
et al. [68] and Liang & Mudawar [69]). The post-impact outcomes are subject to different 
regimes, ranging from spreading or even sticking on the surface to rebounding and splashing and 
they have been comprehensively presented in the literature by Rein [70], Yarin [71] and Josserand 
& Thoroddsen [72] and illustrated on regime maps as a function of dimensionless impact 
parameters by Ma et al. [73] and Bertola et al. [74]. Several correlations to define the splashing 
regime threshold have been established by Yarin & Weiss [75] and Range & Feuillebois [76], 
while the most widely used criterion for the transition between the deposition and splashing 
regimes under large impact velocities is the parameter of Mundo [77], which is based on the 
Weber and Ohnesorge numbers. Additionally, conducted experimental studies have been utilised 
for the development of empirical models, corresponding to the droplet post-impact characteristics 
under the influence of different impact regimes, as it is thoroughly described in the review work 
of Cossali et al. [78], in order to provide numerical models for spray impingement simulations.  
Even though the single droplet impact onto solid surfaces has been extensively investigated with 
experimental studies of Worthington [79] since 1877, the mechanisms of the prompt and violent 
splashing under high impact velocities, which correspond to the massive spatial dispersion of the 
produced secondary droplets far away from the solid surface and the dominance of 
compressibility phenomena with strong propagating shock waves inside the deforming droplet, 
have not been precisely revealed yet. Due to the limitation of the high speeds and small structures 
involved, recent advancements in imaging technologies by Thoroddsen et al. [80] have 
contributed to the performance of new experiments under higher impact velocities. In the 
experiments of Xu et al. [81], the corona splashing of an ethanol droplet on a dry and smooth 
surface with impact Weber number equal to 1685 was examined; the created lamella reached a 
maximum spreading velocity of 30m/s. In the study of Visser et al. [82], experiments with water 
microdroplets have been conducted, impacting on both hydrophilic and hydrophobic surfaces 
with velocities up to 50m/s and Weber numbers that do not exceed the value of 1770. However, 
despite the high-speed conditions, no splash but only spreading of the droplet on the surface was 
observed, due to the influence of the surrounding air. One of the few and most recent experiments 
in which a prompt splashing was illustrated is the work of Thoroddsen et al. [83], in which a water 
droplet was subject to an impact with a smooth and solid surface at Weber numbers up to 2480, 
followed by the creation of water microdroplets with maximum spreading velocity of 100m/s. 
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Finally, in the study of Field et al. [84], an experiment of high-speed droplet impact at 110m/s 
was performed, with emphasis put on capturing the propagating shock wave inside the droplet at 
the early stages of the impact with the target, without examining the later splashing effects. Thus, 
it is noticeable from the literature that high-speed droplet impact experiments are limited; 
available studies do not exceed Weber number values of 2500 and they mainly focus on the early 
stages of the droplet and wall interaction. 
Regarding the numerical investigation of droplet impact cases, most recent studies examine the 
impact on solid surfaces under the spreading, as examined by Malgarinos et al. [85] and Visser et 
al. [82] or the corona splashing regimes, demonstrated in the numerical simulations of Guo et 
al. [86] and Wu & Cao [87]; they utilise an interface capturing method for the conducted 
simulations. With the VOF method to be the most commonly used approach, the droplet 
deformation and spreading on the target can be captured in detail with a sufficiently fine mesh. 
However, in the case of higher impact velocities, which result to splashing and fragmentation of 
the droplet into secondary microscale structures, the performed simulations are restricted to the 
early stages of the phenomena, since the later stages of droplet fragmentation are dominated by 
computationally prohibitive scales for a VOF simulation. Thus, a more advanced numerical 
modelling is required to deal simultaneously with the early and later stages of the splashing 
droplet evolution. Moreover, other studies, conducted by Haller et al. [88], Niu & Wang [89], 
Kyriazis et al. [90] and Wu et al. [91],  perform high-speed droplet impact simulations with the 
focus on capturing the occurring compressibility phenomena, namely the strong shock waves 
inside the droplet and the produced cavitation regions, which are formed and dominate during the 
early stages of the impact, excluding in this manner the secondary droplet dispersion from the 
scope of their numerical investigation. 
Following the limitations of the currently used numerical methodologies in multiscale flow 
applications, the present study proposes a new numerical framework which has been developed 
in OpenFOAM®, utilising the two-fluid formulation [38]; this allows for both compressibility 
and slip velocity effects to be taken into account. The model solves for an additional transport 
equation for the interface surface area density; the previously developed Σ-Υ model [53] for 
incompressible flows is coupled here for the first time with a compressible two-fluid framework. 
This provides significant information for the unresolved sub-grid scale phenomena, which are 
related to the interface formation during the flow development. The Σ-Υ two-fluid model is also 
combined with a dynamic switching between the sharp and the diffuse interface approaches that 
co-exist during the numerical solution at different parts of the computational domain. Thus, it is 
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possible to deal simultaneously with the segregated and the dispersed flow regions; the two-fluid 
model formulation has been coupled with the VOF method to operate under the segregated flow 
regime. The dynamic switching is performed with an advanced topology detection algorithm 
relative to criteria available in the literature [57], [62]. However, apart from the numerical 
limitations of the VOF and the diffuse interface approaches with respect to the computational 
mesh, which correspond to the commonly used switching criteria, the proposed flow topology 
detection algorithm also evaluates the local flow characteristics. The developed methodology is 
initially validated against a shock tube problem in §2.3.1 and a rising bubble in §2.3.2. Following, 
validation is performed against the challenging case of a high-speed droplet impact in §2.3.3, 
using new experimental data obtained specifically for this case. These refer to impact Weber 
number of the order of 105, which is much higher than the available up-to-date literature. Finally, 
emphasis from the numerical perspective is given on providing an insight into the dispersed 
regions of the flow field at the later stages of the droplet fragmentation evolution, where even the 
experimental investigation cannot contribute with sufficient information due to limitations in 
diagnostic methods for high Mach number flows consisting of a large number of droplets with 
sizes less than 1μm. 
2.2 Multiscale Two-Fluid Approach 
The Σ-Υ two-fluid model with dynamic local topology detection has been implemented in 
OpenFOAM® with further developments on twoPhaseEulerFoam solver, an available 
compressible Eulerian pressure-based solver. In principle, the numerical model consists of the 
same set of governing equations for both multiscale formulations, namely the sharp and the 
diffuse interface approach, with specific source terms to be activated and deactivated depending 
on the currently operating formulation of the solver, as it is described in detail below.  
2.2.1 Two-Fluid Model Governing Equations 
In the context of a two-fluid approach, as introduced by Ishii & Mishima [38], the volume 
averaged conservation equations governing the balance of mass, momentum and energy are 
solved separately for each phase k: 
𝜕
𝜕𝑡
(𝑎𝑘𝜌𝑘) + 𝛻 ∙ (𝑎𝑘𝜌𝑘𝑢𝑘) = 0  (2.1) 
𝜕
𝜕𝑡
(𝑎𝑘𝜌𝑘𝑢𝑘) + 𝛻 ∙ (𝑎𝑘𝜌𝑘𝑢𝑘𝑢𝑘) = −𝑎𝑘𝛻𝑝 + 𝛻 ∙ (𝑎𝑘𝝉𝑘
𝑒𝑓𝑓
) + 𝑎𝑘𝜌𝑘𝑔 + ∑ 𝑀𝑘𝑛
2   
𝑛=1
𝑛≠𝑘
   (2.2) 
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𝑝 + 𝛻 ∙ (𝑎𝑘𝑢𝑘𝑝)]   (2.3) 
                                                                              +𝑎𝑘𝜌𝑘𝑔 ∙ 𝑢𝑘 + ∑ 𝐸𝑘𝑛
2   
𝑛=1
𝑛≠𝑘
   
The numerical method is based on a finite-volume framework, using an implicit pressure-based 
solver for the governing equations of the two-fluid model. Numerical coupling for the 
independent systems of conservation equations is achieved through additional source terms added 
to the Navier-Stokes equations, which appear after the imposed averaging procedure. These 
source terms account for the mass, momentum, and energy exchange phenomena by providing 
suitable closure relations for the macroscopic interfacial interactions occurring in a transient 
multiphase flow system. Specifically, the interfacial momentum source term Mkn represents the 
forces acting on the dispersed phase and depends on local topology, since different forces are 
dominant under different flow regimes. The interfacial energy source term Ekn demonstrates the 
heat transfer between the phases that can be modelled via a standard heat transfer law. The 
interfacial mass source term, which is responsible for the mass transfer due to phase-change 
effects or other interfacial phenomena that result to production or destruction of the interface, 
such as sub-grid scale turbulence and droplet interactions, is not implemented in the continuity 
equations as expected. Instead, in the present work the mass exchange contributions with an effect 
on interface formation are considered in the transport equation for the liquid gas interface surface 
area density. Phase-change phenomena, like vaporisation and cavitation, are neglected since they 
are negligible in the examined high-speed droplet impact case at the early stages of impact, where 
temperature variation around the standard conditions is not significant and local pressure drop is 
not sufficient to cause remarkable cavitation regions, as it has been stated before in the literature 
for similar impact conditions in the studies of Niu & Wang [89] and Kyriazis et al. [90].  
Viscous and turbulence effects are introduced in the model with the effective stress tensor τeff in 
the momentum equations and the effective heat flux vector qeff in the energy equations; τeff 
accounts for the molecular viscosity and the Reynolds stress tensor, which based on Boussinesq’s 
hypothesis [92] relates turbulent velocity fluctuations to the eddy viscosity; qeff corresponds to 
the laminar and turbulent thermal diffusivity. For the turbulent components, appropriate models 
are implemented within either a RANS or an LES framework in OpenFOAM®; LES modelling 
is used for the turbulent flow cases in the present study with the implementation of the one-
equation SGS model of Lahey [93]. Given the occurring Reynolds numbers, a dimensionless wall 
distance y+ with a value lower than 1 is observed; thus, the appropriate turbulent wall functions 
are implemented for capturing the near-wall phenomena; the two-layer wall function is used 
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which is a blending between the logarithmic and the linear laws for the turbulent and viscous 
sublayers, respectively. 
Finally, the thermodynamic closure of the system is achieved by solving independently an 
individual equation of state for each phase from which the corresponding density field is obtained. 
In the following simulations, the ideal gas equation of state is used for the gaseous phase and the 
stiffened gas equation of state, proposed by Ivings et al. [94], has been implemented and used for 
the liquid phase. The stiffened gas equation of state is basically the same as the ideal gas equation 
of state with an additional pre-pressurization term to match the density and stiffness of the liquid. 
Despite its deficiencies, it is commonly used in the fundamental flow investigations of Saurel et 
al. [1] and in highly violent phenomena, studied by Beig et al. [95]; moreover, it is known to be 
valid for the pressure and temperature conditions examined in the present simulations. 
Σ-Υ Model Transport Equations 
The liquid dispersion in a liquid and gaseous flow is simulated with the liquid phase volume 
fraction transport equation, which represents the volume proportion of liquid at a given volume 
in the computational domain. The transport equation for the liquid volume fraction in a 
compressible two-phase flow is:  
𝜕𝑎𝑙
𝜕𝑡









+ 𝑎𝑙𝛻 ∙ 𝑢𝑚 − (1 − 𝑣𝑡𝑜𝑝𝑜)𝑅𝑎𝑙  (2.4) 
where the topological parameter νtopo distinguishes the two different interface approaches by 
taking either the 0 or 1 value under a diffuse or sharp interface formulation, respectively. uc is the 
artificial compression velocity, defined by Deshpande et al. [96], that is introduced along the 
interface as a countereffect of the inevitable numerical diffusion in order to maintain interface 
sharpness in flow regions subject to a segregated regime. The turbulent liquid flux Rαl on the RHS 
of the transport equation, as modelled by Vallet et al. [52], accounts for the liquid dispersion 
induced by turbulent velocity fluctuations, which is important in dispersed flows and smaller 
scales. Additionally, since a compressible flow is involved, the gradients of liquid density that are 
related to compressibility effects on the liquid volume fraction are taken into consideration and 
equation (2.4) takes the formed described by Jadidi et al. [97].  
The liquid gas interface surface area density, namely the surface area of the liquid gas interface 
per unit of volume, provides supplementary information regarding the interface formation without 
the assumption of a particular shape in the produced flow features. The transport equation for the 
liquid gas interface surface area density, as defined by Lebas et al. [55], is described as follows: 
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∗ )]        (2.5) 
The turbulent flux of the interface surface area density RΣ, namely the first source term on the 
RHS of the transport equation, represents the surface area diffusion due to turbulent velocity 
fluctuations. The second source term on the RHS accounts for all physical mechanisms which fall 
below the computational mesh resolution and are responsible for the surface area production and 
destruction. In sharp interface regions with dominant large scale features the evolution of the 
interface surface area is captured directly by the computational model and grid. On the contrary, 
in highly diluted and dispersed flows, the interface production and destruction at sub-grid level 
significantly affects the overall interface formation; thus, appropriate modelling is required to 
obtain this sub-grid scale information. Under the assumption of a minimum interface surface area 
due to simultaneous existence of liquid and gas on the interface, Chesnel et al. [98] defined the 
total interface surface area density as follows: 
𝛴 = 𝛴′ + 𝛴𝑚𝑖𝑛    (2.6) 
where Σmin is the minimum interface surface area density that can be found within a control 
volume for a given liquid volume fraction value with 0<αl<1, which imposes the presence of two 
phases and thus, the presence of an interface in the examined control volume. Based on empirical 
correlations obtained from CDNS studies and under the assumption of a spherical droplet inside 
the examined computational cell, the minimum interface surface area density is defined by 
Chesnel et al. [98] as 𝛴𝑚𝑖𝑛 = 2.4√𝑎𝑙(1 − 𝑎𝑙)𝑉𝑠𝑝ℎ𝑒𝑟𝑒
−1 3⁄ . 
2.2.2 Sharp Interface Approach 
Interface sharpening is implemented in OpenFOAM® with the MULES algorithm [96], an 
iterative technique which guarantees boundness of the volume fraction and sharpness at the 
interface by modifying the advection term in the transport equation for the volume fraction. In 
this manner, an additional advection term is introduced which acts as an artificial compression in 
order to maintain sharpness without the need for interface reconstruction. This approach has been 
implemented within the proposed multiscale two-fluid framework and thus, in the segregated flow 
regions the transport equation for the liquid volume fraction takes the final form of equation (2.4) 
with the topological parameter vtopo set to 1. Then, the artificial compression velocity uc is given 




    (2.7) 
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with Cα the interface compression parameter that takes values equal or greater than 1 so as to 
increase the imposed interface sharpness. In the following simulations the typical value of Cα=1 
has been implemented so as to introduce interface sharpness with the MULES algorithm. 
However, the introduction of an interface sharpening approach within a two-fluid framework 
requires further modifications in the numerical model. In the limit of a sharp interface, the 
velocities on either side of the interface must be equal in order to eliminate the relative velocity 
and meet the no-slip interface condition. At the same time, a fundamental principle of the two-
fluid model is the presence of separate velocity fields for the two interpenetrating liquids. Several 
studies in the literature, such as the studies of C̆erne et al. [99], Wardle & Weller [62] and Strubelj 
& Tiselj [100], are dealing with the coupling of a two-fluid model and an interface sharpening 
method by implementing an additional source term in the momentum equations. This extra term 
practically imposes large interfacial drag values; as a result, the relative velocity on the interface 
is eliminated and finally the coupling between the two-fluid model and the sharp interface 
approach is stabilized. In the present model, the source term introduced in the momentum 
equations (2) has an expression similar to the aerodynamic drag force, introduced by Strubelj & 
Tiselj [100], and enforces instantaneous equalizing of the velocities near the resolved interface. 
The artificial drag force is defined as: 
𝐹𝐷𝑎 = 𝑣𝑡𝑜𝑝𝑜 𝐹(𝑢𝑟)
𝜏𝑟
𝛥𝑡
      (2.8) 
where F(ur) is an expression proportional to the relative velocity ur between the two phases and 
the density of the two-fluid mixture ρm with 𝐹(𝑢𝑟) = 𝑎𝑙(1 − 𝑎𝑙)𝑢𝑟𝜌𝑚, as proposed by Strubelj 
& Tiselj [100], Δt the computational time step and τr a relaxation factor which needs to be 
calibrated correspondingly, in order to meet the no-slip interface condition. As it is described in 
detail in §2.3.2, the elimination of the interfacial relative velocity, which practically results to a 
stronger coupling between the two-fluid model and the sharp interface approach, is achieved by 
maximizing the relaxation factor τr. In an attempt to avoid any case-dependent calibration of τr, 
an on-the-fly algorithm has been developed which gradually increases the value of τr starting from 
the value of 1, until the point that the tangential component of the relative velocity on the interface 
reaches a sufficiently low lower-bound close to zero; under this condition, the no-slip interface 
condition is satisfied. In practice, a numerical criterion is examined on the interface, which 
requires for the tangential component of the relative velocity to be only a small proportion of the 
total local relative velocity, approaching a zero value.   
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Under a segregated flow regime, the surface tension plays a greater role against the aerodynamic 
forces. Therefore, its contribution should be taken into consideration and a surface tension force 
is added as a source term in the momentum equations (2.2). The surface tension force is defined 
by the Continuum Surface Force (CSF) of Brackbill et al. [101] as follows: 





     (2.9) 
where σ is the surface tension coefficient, κ the interface curvature, [ρ] the density jump described 
as [ρ]=ρg-ρl and <ρ> the density at the interface given by <ρ>=½(ρl+ρg) in order to replace the 
local discontinuity with a smooth variation. 
Regarding the interface density, all sub-grid scale phenomena, which are modelled via source 
terms in equation (2.5), are out of the scope of a sharp interface approach and thus, the RHS of 
the transport equation is set to zero. Besides, a basic principle of the multiscale formulation is the 
accurate topological distinction between different flow regimes and the imposition of a sharp 
interface approach in regions where all present flow features can be resolved by the utilized grid 
resolution. 
2.2.3 Diffuse Interface Approach 
Under a dispersed flow regime with prevailing small, dispersed structures, the aerodynamic forces 
and particularly the drag force acting on the dispersed phase is the dominant factor in interfacial 
momentum exchange between the liquid and gaseous phases. Different drag models are 
implemented by Marschall [102] depending on local flow conditions, i.e. dispersed droplets in 
continuous gas or dispersed bubbles in continuous liquid. The drag force, which is introduced as 
the interfacial momentum source term in momentum equations (2.2), is described as: 
𝐹𝐷 = (1 − 𝑣𝑡𝑜𝑝𝑜)
1
2
𝐶𝐷𝜌𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑢𝑟|𝑢𝑟|𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  (2.10) 
where ρconinuous is the density of the phase, which is considered continuous and Aparticle is the 
projected area of a typical dispersed particle. For the estimation of the drag coefficient CD, there 
are many empirical models in the literature, for instance the drag models of Schiller & 
Naumann [103], Ishii & Zuber [104] and Tomiyama & Shimada [105], depending on properties 
of the flow field and the discrete particle characteristics. In the present work, where the focus is 
mainly on the motion of very small droplets in highly dispersed flows with low or moderate 
Reynolds numbers, the drag coefficient is obtained from the model of Rodi and Fueyo [106]: 
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 ,                                                                                             𝑅𝑒 < 1.5
14.9 
𝑅𝑒0.78






) + 1.17 × 10−8𝑅𝑒2.615 ,             80 < 𝑅𝑒 ≤ 1530
2.61 ,                                                                                      𝑅𝑒 > 1530
    (2.11) 
However, since many semi-empirical correlations are involved, the closure relations of the 
interfacial source terms are usually the main cause for the uncertainties of the two-fluid model. 
In an attempt to reduce the possible inaccuracies, in the proposed numerical model the interface 
surface area is obtained from the transport equation for the interface surface area density, which 
is used to calculate a characteristic length corresponding to the flow structures in each 
computational cell. More specifically, the diameter of a spherical particle, which has the same 
volume to surface area ratio as the examined computational cell volume to the calculated interface 
surface area density, is used as the equivalent dispersed particle diameter in drag force 





  (2.12) 
Concerning the transport equation for the liquid volume fraction, the diffuse interface approach 
results to exclusion of the interface compression term; consideration of the sub-grid turbulent 
fluctuations, as it appears in equation (2.4) with the topological parameter vtopo, is set to 0. The 
turbulent liquid flux Rαl on the RHS of the transport equation represents stochastic liquid 
dispersion phenomena due to the occurring turbulence, as modelled by Vallet et al. [52]. Previous 
studies on modelling Rαl, conducted by Demoulin et al. [107] and Andreini et al. [56], depict a 
relation between the statistically dependent turbulent velocity fluctuations and the averaged local 
relative velocity, which corresponds to a correlation between slip and drift velocities of the mean 
flow field, as presented below: 
𝑅𝑎𝑙 = −𝛻 ∙ (𝑎𝑙
′′𝜌𝑙
′′𝑢𝑚
′′̃ )= −𝛻 ∙ [𝑎𝑙(1 − 𝑎𝑙)𝜌𝑙𝑉𝑟  ] = −𝛻 ∙ [𝑎𝑙(1 − 𝑎𝑙)𝜌𝑙(𝑢𝑟 − 𝑉𝐷 )]  (2.13) 
where Vr is the local relative velocity, ur the slip velocity and VD the drift velocity. The slip 
velocity contribution to the turbulent liquid flux can be calculated directly without the need of 
modelling due to the two-fluid formulation. As for the drift velocity effects, they are modelled 
via a first order closure by García-Oliver et al. [108], i.e. a classic gradient law using the turbulent 
properties of the liquid and gaseous mixture is implemented. 
A significant advantage of the proposed multiscale two-fluid formulation is the coupling with the 
transport equation for the interface surface area density. Especially within the framework of a 
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diffuse interface approach, where the interface is neither tracked nor resolved by the grid 
resolution, this additional information provides an insight into the interface surface area density 
evolution in space and time even in the sub-grid scales. Examining the source terms on the RHS 
of equation (2.5), which are activated under the dispersed regime, the turbulent flux of the 
interface surface area density RΣ accounts for its dispersion due to turbulence. Analogous to the 
turbulent liquid flux Rαl on the RHS of equation (2.4), RΣ is a turbulent diffusion term. Then, with 
respect to the closure of the turbulent liquid flux Rαl in equation (2.13), the turbulent diffusion 
flux RΣ is modelled accordingly, as suggested by Andreini et al. [56], as follows: 
𝑅𝛴 = −𝛻 ∙ (𝛴
′𝑢𝑚
′′̃ ) = −𝛻 ∙ [𝛴 𝑎𝑙(1 − 𝑎𝑙)(𝑢𝑟 − 𝑉𝐷  )]  (2.14) 
The last term on the RHS of equation (2.5) represents the sub-grid scale mass exchange 
phenomena between the liquid and gaseous phases, which have been neglected from the 
continuity equations (2.1) and are related to the interface surface area density production and 
destruction. Different physical mechanisms with an effect on interface formation are included and 
described by their characteristic time scale τSGS, the critical interface surface area density ΣSGS
∗  at 
an equilibrium state between production and destruction of the interface and an adjustable 
constant coefficient CSGS set to 1 in the presented cases. In the proposed model, the contributions 
of turbulent flow stretching and wrinkling particularly in dense flow regions, the droplet collision 
and coalescence effects, as well as the secondary breakup effects of produced droplets are taken 
into account with the appropriate closure relations proposed by Lebas et al. [55], which are 
summarized in Table 2.1.  










∗   with  𝑊𝑒𝑡𝑢𝑟𝑏
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• critical We for coalescence:  𝑊𝑒𝑐𝑜𝑙𝑙
𝑁 = 12 
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2.2.4 Flow Topology Detection Algorithm 
A key factor for the accurate functioning of the multiscale formulation is the implementation of 
a stable topology detection methodology. The developed algorithm can detect instantaneous 
topological changes in flow regimes, evaluate the most appropriate numerical treatment for local 
interfaces and allow for a flexible two-way switching between sharp and diffuse interface 
approaches. The switching criteria, described in detail below, are applied exclusively in interfacial 
flow regions as in single phase regions a sharp interface is defined by default. 
2.2.4.1 Switching criterion from sharp to diffuse interface approach 
In any computational cell under the sharp interface approach, a diameter of an equivalent spherical 
structure based on the curvature of the interface can be calculated based on Shonibare & 




    (2.15)                                 
Assuming that at least 3 computational cells are needed for the grid resolution to capture any 
spherical structure with sufficient sharpness, as suggested by Shonibare & Wardle [63], the 
following geometric criterion can be proposed as the limit for the sharp interface approach: 
𝑑𝑐𝑢𝑟𝑣 < 3 ∗ 𝑚𝑎𝑥 (𝑑𝑐𝑒𝑙𝑙)  (2.16) 
Nevertheless, this geometric criterion can only be considered as an indication for a potential 
switch to a diffuse interface approach. All computational cells which meet criterion (2.16) are 
subject to a second stage of topological examination based on the condition of their neighbour 
cells. The three different possibilities are as follows: 
• A single cell which is supposed to follow a diffuse interface approach based on the geometric 
criterion but belongs to a strictly segregated region with sharp interfaces, will remain 
unaffected by changes, as shown in Figure 2.1(a). 
 
• When a cell is part of a topologically unstable region, where all its neighbour cells previously 
respected a sharp interface approach but now some of them are also subject to changes, then 
as depicted in Figure 2.1(b), an expanded region is examined. Specifically, the surrounding 
area of the neighbour cells which are of particular interest is evaluated with regards to the 
occurring topological conditions. Finally, if the examined cell belongs to a highly transitional 
region, then the topological criterion is met and a change for the interface approach is applied.  
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• As illustrated in Figure 2.1(c), any cell that is in the border of transition between segregated 
and highly dispersed flow regimes will follow the tendency of local interface formation and 
will be subject to the diffuse interface approach in the following time step. 
2.2.4.2 Switching criterion from diffuse to sharp interface approach 
The reset of a sharp interface approach for a previously diffuse cell is performed after meeting a 
single geometric criterion, which correlates the interface surface area density diameter from 
equation (2.12) to the local computational mesh resolution. When the calculated diameter dΣ is 
larger than the cell size, then the presumed dispersed flow features can no longer be treated as 
mesh unresolvable structures and a switch to a sharpened interface state is required.  
𝑑𝛴 > 𝑚𝑖𝑛 (𝑑𝑐𝑒𝑙𝑙)    (2.17) 
Since the overall concept of the diffuse interface approach is inextricably linked to sub-grid scale 
structures, the described geometric criterion is sufficient for changing the interface formulation 
without examining the surrounding flow conditions, as shown in Figure 2.1(d). 
 
Figure 2.1 Local topology detection and distinction criteria between the segregated and the dispersed flow regimes in 
order to impose the appropriate interface approach in each time step. Application in the multiscale flow of a droplet 
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2.3 Results and Discussion 
2.3.1 Two-Phase Shock Tube Problem 
Initially, the capability of the proposed compressible two-fluid model to accurately capture the 
wave dynamics under high density ratios between the interacting phases is examined against the 
benchmark case of a two-phase shock tube. A one-dimensional 1m long two-fluid shock tube 
without mass transfer and initial discontinuity at x=0.75m, as studied by Saurel et al. [1], is used 
for validation. The left part of the shock tube is occupied by liquid dodecane at high pressure 
pl=108Pa and density ρl=500kg/m3, while the right part is set at atmospheric conditions with the 
occurring vapour dodecane at density ρν=2kg/m3. The simulation is performed using the 
twoPhaseEulerFoam solver in a uniform computational grid of 1000, 10000 and 20000 cells with 
second order spatial accuracy and an adaptive time step to meet the convective Courant–
Friedrichs–Lewy (CFL) number of 0.2. As a matter of consistency between the conducted 
simulation and the results of Saurel et al. [1], using the hyperbolic two-fluid model with two 
temperature and entropy fields but a single pressure and velocity field, the stiffened gas equation 
of state with the exact parameters utilised in the simulations of Saurel et al. [1] has been 
implemented in OpenFOAM® and applied for the thermodynamic closure. In Figure 2.2, the 
results obtained from the proposed two-fluid approach and the model of Saurel et al. [1] are 
compared with the exact solution at 473μs after the initial contact discontinuity was removed. The 
involved convectional waves, namely the left-facing rarefaction wave propagating through the 
liquid dodecane, the moving from left to right contact discontinuity and the right-facing shock 
wave propagating though the vapour dodecane are accurately captured with the proposed two-
fluid model. Moreover, the increase in mesh resolution eliminates the numerical diffusion in the 
pressure and mixture velocity fields and the illustrated results using the finest mesh converge to 
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Figure 2.2 Dodecane liquid–vapour shock tube problem. Pressure, mixture velocity, mixture density and vapour 
dodecane mass fraction fields at 473μs after the initial contact discontinuity was removed. Comparisons between the 
exact solution and the numerical solutions of Saurel et al. [1] and the two-fluid model with different mesh resolutions. 
2.3.2 Rising Bubble 
The effective coupling between the two-fluid model and the implemented sharp interface method 
is evaluated against the behaviour of a rising bubble in a quiescent viscous liquid under the 
influence of the gravitational force. The dynamic deformation of a single rising bubble in a liquid 
column has been extensively examined with experimental studies (see selectively the studies of 
Clift et al. [109], Bhaga & Weber [110] and Tomiyama et al. [111], among many others). Thus, 
the obtained bubble shape diagram, also known as the Grace diagram [109], depicts 
comprehensively a regime classification based on the final bubble shape and its terminal velocity 
as a function of dimensionless numbers. From a numerical perspective, a rising bubble simulation 
is commonly used to validate interfacial flow solvers, due to the high variety of interface 
deformation patterns under slightly modified flow conditions. For this purpose, in the absence of 
any analytical solution, Hysing et al. [2] performed a two-dimensional numerical benchmark 
configuration with different codes and established a reference solution for two numerical cases of 
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different density and viscosity ratios between the gas bubble and the surrounding liquid. A 
numerical benchmark case of an initially circular gas bubble rising in an initially stagnant liquid 
with liquid density 1000kg/m3, liquid dynamic viscosity 10Pa∙s and both density and viscosity 
ratios equal to 10, as proposed by Hysing [2] is used here for validation of the developed method. 
The gravity in the system g=-0.98m/s2 and the surface tension between the two fluids σ=24.5N/m. 
Under these conditions, which correspond to intermediate Reynolds and Eotvos numbers with 
values 35 and 10, respectively, a moderate shape deformation is expected with a final bubble 
unbroken ellipsoidal shape based on the Grace diagram [109]. The two-dimensional simulation 
was conducted with the initial configuration and boundary conditions of Figure 2.3 in a uniform 
computational mesh of 320×640 cells. 
                                              
Figure 2.3 Initial configuration and boundary conditions for a two-dimensional circular gas bubble rising in a liquid 
column. 
The rising bubble shape is presented in Figure 2.4 in three successive time instances and under 
the effect of different relaxation factor τr values, which appears in the artificial drag force of 
equation (2.8), as a case-dependent parameter to regulate an efficient coupling between the two-
fluid model and the sharp interface approach. Focusing on the macroscopic evolution of the two-
dimensional bubble interface, it is observed that the circular bubble is gradually deformed to an 
ellipsoid shape, due to the counteraction of gravitational and surface tension forces. Under the 
occurring ellipsoid regime, surface tension is dominant and mainly responsible for the evolution 
of a moderate bubble deformation without breakup of the interface, as previously discussed in the 
study of Clift et al. [109]. As it is also depicted in Figure 2.4, a stronger coupling between the 
two-fluid model and the sharp interface approach is achieved by maximizing the relaxation factor, 
corresponding to the elimination of the interfacial relative velocity. This numerical trick 
practically overcomes the two-fluid principle of the mathematical model, which imposes different 
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velocity fields for each phase and approaches a standard sharp interface formulation, in which the 
two phases share a single momentum equation and respect the no-slip condition on the interface. 
Additionally, an increase of the relaxation factor, apart from the gradual elimination of the gas 
liquid relative velocity on the interface, has an apparent effect on the macroscopic bubble shape 
development.   
                  
Figure 2.4 Tangential relative velocity distribution on the interface of a rising bubble and gas liquid mixture velocity 
vectors at successive times under the effect of different relaxation factors τr.  
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However, the case-dependent calibration of τr has been avoided with the implementation of an 
on-the-fly algorithm, which evaluates the interfacial region and gradually increases the value of 
τr, until the point that the tangential component of the relative velocity on the interface reaches a 
defined lower-bound close to zero. More specifically, in each iteration of the pressure correction 
the computational cells in the interfacial regions are evaluated to meet the no-slip condition. The 
criterion used relates the tangential component of the relative velocity on the interface with its 
total local value and sets a sufficiently low lower-bound, as follows:  
|𝑢𝑟,𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙| < 10
−5|𝑢𝑟| 
In the case that the above condition is not satisfied, the τr value is increased starting from the value 
of 1 for each interfacial cell in each new time step of the pressure correction algorithm. In order 
to avoid significant jumps on the drag force values and to improve the performance with reduction 
of the computation cost, a smoothing of the τr values in the neighbour cells is performed. A 
demonstration of the algorithm with different local values for τr with respect to the no-slip 
interface condition is illustrated in Figure 2.5 for the rising bubble. The maximum values for τr 
are observed on the sides of the rising bubble, where also peaks in the relative velocity are 
observed due to the vertical motion of the bubble in the surrounding liquid. 
                
Figure 2.5 Relaxation factors τr calculated on the interface of the rising bubble with the on-the-fly algorithm for meeting 
the no-slip interfacial condition. 
In the scope of a rigorous quantitative analysis, the mass centre position, the mean rise velocity, 
and the deformed bubble circularity obtained with different relaxation factor values are examined 
in Figure 2.6. The computed benchmark quantities are compared with the reference solution of 
Hysing et al. [2] and the results presented by Štrubelj et al. [3], using a similar concept of coupling 
the two-fluid model with an interface sharpening approach; in this case, a conservative level-set 
method has been utilised. Hereby, it is verified that a stronger coupling with the implementation 
of maximum value for the relaxation factor ensures that the evolution of the rising bubble will 
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reach the expected behaviour. Specifically, the final position of the bubble centre of mass with 
the optimum relaxation factor τr=1000 is at 1.055m and differs 1.22% from the results of Štrubelj 
et al. [3]. Furthermore, the maximum rise velocity is observed at 0.92s and with a value of 
0.239m/s deviates by 2.58% from the solution of Štrubelj et al. [3]. Regarding the bubble shape 
deformation, the minimum circularity value occurs at 1.98s, approximately 0.1s later than in the 
study of Štrubelj et al. [3]; however, with respect to the tendency of circularity evolution in time 
the quantitative error is 1.7%. Finally, the shape of the rising bubble at its final position at 3s, as 
calculated with both the minimum and maximum relaxation factor values, shows the significant 
effect of an effective coupling between the two-fluid model and the sharpened interface approach 
on the bubble shape development with regards to the results in the literature [2],  [3]. The results 
obtained from the on-the-fly algorithm also meet a satisfactory agreement with the reference 
solution and show that the use of the proposed automatic algorithm for calibrating on-the-fly the 
relaxation factor τr is a good compromise to avoid any arbitrary case-dependent calibration and 
the significantly increased computational cost, when the artificial drag force is maximised in the 
whole interfacial region with an effect on the converge of the pressure correction algorithm.  
     
Figure 2.6 Bubble benchmark quantities, i.e., mass centre position, rise velocity and circularity, evolution in time under 
the effect of different relaxation factors τr. Bubble shape at its final position at 3s computed with minimum and 
maximum τr values. Comparisons with the reference solution of Hysing et al. [2] and the results of  Štrubelj et al. [3]. 
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2.3.3 High-Speed Droplet Impact 
2.3.3.1 Experimental Set-up 
In order to validate the multiscale approach developed, new experiments have been performed for 
a droplet impact onto a solid surface. The experiments have been conducted at the University of 
Magdeburg and concern a water droplet impact onto a high-speed moving target in three different 
cases summarized in Table 2.2. The deionized water droplet is slightly deformed to an ellipsoid 
shape, due to the acoustic field which keeps it levitated; the droplet is hit by the flat and smooth 
moving target, propelled from an initial distance of 2.35m away from the levitating droplet. The 
experiments were performed at room temperature 21oC and atmospheric pressure conditions; the 
surface tension between the water droplet and the surrounding air is equal to 0.072N/m. The high-
speed impact velocities of 120, 150 and 200m/s correspond to significantly high Weber and 
Reynolds numbers both of the order of 105 to 106, as calculated for the droplet properties at impact 
conditions. The rapid droplet splashing, and the subsequent violent fragmentation of the produced 
secondary structures were visualized with the use of a high-speed camera of 5 million frames per 
second and a spatial resolution of 50μm per pixel; recording of video started when the moving 
target was approximately 3.17mm away from the droplet. 
Table 2.2 Impact conditions for the examined experimental cases of high-speed droplet impact on a moving target. 
case dx [mm] dy [mm] uimp [m/s] target We [-] Re [-] Oh [-] 
1 2.017 1.55 120 teflon 3.6×105 2.2×105 7.6×10-3 
2 2.65 2.2 150 teflon 7.6×105 3.7×105 5.5×10-3 
3 2.14 1.796 200 acrylic 1.1×106 4.2×106 6.9×10-3 
 
2.3.3.2 Simulation Results 
For the numerical simulations of high-speed droplet fragmentation, the problem is set up in a 
different but corresponding manner with the water droplet moving with the impact velocity 
towards a rigid wall target. The simulations were performed in a 3D wedge geometry with one 
cell thickness, using a computational mesh of 412,500 cells; the details are described in Figure 
2.7. For the purpose of a grid dependency investigation regarding the multiscale model 
functionality, two additional computational meshes have been used with twice coarser and twice 
finer resolution compared to the original mesh in the region around the droplet and wall 
interaction, illustrated as zone I in Figure 2.7. At the initial time step the moving droplet is set 
0.9mm away from the rigid wall. Apart from the liquid phase velocity field, which is initialized 
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with the initial velocity of the moving droplet, the air velocity field is also initialized from a 
developed field obtained with the impact velocity set as an inlet in the right patch of the 
computational domain. Using this configuration, the effect of the moving target on the 
surrounding air in the original experimental set-up is adequately represented in the conducted 
simulations. The liquid gas interface surface area density is initialized on the droplet interface as 
the surface area of an ellipsoid with the dimensions of the examined water droplet, which 
corresponds to a 5o wedge per unit of the local computational cell volume. On the wall, the no-
slip boundary condition is applied for the velocity fields, while a Neumann boundary condition is 
satisfied for the other computed flow fields. 
                               
Figure 2.7 Initial configuration and information regarding the computational mesh for the simulation of high-speed 
droplet impact on a rigid wall. 
The spatial discretization used is based on second order linear discretization schemes, limited 
towards a bounded first order upwind scheme in regions of rapidly changing gradients. Time 
stepping is performed adaptively during the simulation, so as to respect the selected limit for the 
convective Courant–Friedrichs–Lewy (CFL) condition of 0.4. Even though the turbulent state 
corresponds to fully 3D-developed phenomena, the evolution of the droplet fragmentation under 
the examined impact conditions is found to be significantly quicker compared to the turbulence 
timescales. Therefore, the configuration of Figure 2.7, which is utilised in the performed 
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simulations, is an acceptable compromise between the accuracy of the numerical model and a 
viable computational cost.     
The simulations conducted were based on the assumption that the liquid phase is the only present 
dispersed phase, interpenetrating and interacting with the continuous air phase. Under the high-
speed impact conditions corresponding to very high Weber numbers ranging from 105 to 106, the 
droplet impact on the wall and the imposed prompt splashing will evolve rapidly; thus, contact 
angle boundary conditions are not explicitly defined and a zero gradient boundary condition for 
the water volume fraction on the wall is imposed, as previously applied in the simulations of 
Kyriazis et al. [90]. With regards to phase-change phenomena, vaporisation plays a minor role at 
the early stages of impact, since the temperature variations around the room conditions are not 
significant in comparison to the other physical phenomena that take place, as depicted by Kyriazis 
et al. [90]. Specifically, in the present simulations the local water temperature does not increase 
more than 20K at the moment of impact, when the strong shock wave is formed inside the droplet 
and the maximum local pressure of about 108Pa is observed. On the contrary, cavitation is 
produced inside the droplet due to the influence of strong compressibility effects; however, in this 
particular case its influence is negligible compared to other dominant physical phenomena and it 
is not taken into consideration in the numerical modelling, as it is analysed in detail in the 
following paragraphs. 
The evolution of the droplet fragmentation at 2, 4 and 6μs after the impact on the target are 
presented in Figures 2.8, 2.9 and 2.10, respectively, as it has been captured by the experimental 
study and the performed simulations with the proposed multiscale two-fluid model under the three 
different impact conditions of Table 2.2. In the numerical investigation, the widespread and highly 
dispersed water cloud produced after the prompt splashing of the droplet is subject to the diffuse 
interface formulation of the multiscale two-fluid model, shown as a grey iso-surface in the results. 
Therefore, the dominant sub-grid scale structures are modelled accordingly within the dispersed 
flow regime formulation of the numerical model and the interface surface area density diameters 
are calculated and used in the drag force calculations. Despite the vast spectrum of scales 
involved, the macroscopic characteristics of the successive stages of the droplet fragmentation 
are adequately predicted by the performed simulations, with the corresponding results to depict 
the radially expanding water cloud. In cases 1 and 2, which correspond to Weber numbers at 
impact conditions of the order of 105, a similar evolution of the phenomenon is observed with an 
expected more rapid water dispersion under the impact velocity of 150m/s. On the contrary, in 
case 3 the increase in the Weber number of the order of 106 results to a significantly violent droplet  
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Figure 2.8 Droplet fragmentation 2μs after impact on the target in cases 1, 2, 3. Comparison between the experimental 
results captured 32o from the perpendicular view and the 3D reconstructed flow fields from the simulation. Blue iso-
surface represents the sharp interface regions and grey iso-surface the diffuse interface regions calculated with the 
multiscale two-fluid approach.   
splashing with a widespread water cloud corona to be captured both by the experimental results 
and the simulation. However, the water microjet injected from the centre of the deforming droplet 
surface opposite to the droplet motion, which is depicted in the experimental captures as an effect 
of the secondary cavitation formation inside the droplet, is a low intensity phenomenon compared 
to the dominant and rapid water dispersion. 
The evolution of the droplet impact with the target under the impact velocity of 150m/s (case 2), 
the prompt splashing at the early stages of impact along with the severe fragmentation and water 
dispersion at later stages are presented in Figures 2.11 and 2.12. In successive time instances, the 
experimental video snapshots are compared with the 3D reconstructed water volume fraction iso-
surface at 10-3 obtained from the performed simulations with the proposed multiscale two-fluid 
model and the compressibleInterFoam solver, which is based on a VOF method commonly used 
for this type of problems. The iso-line of the water volume fraction at a value of 10-5, as calculated 
with the multiscale two-fluid approach, is plotted against the experimental results. Moreover, the 
detected dispersed flow regions using 3 different computational grids, namely the original grid of  
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Figure 2.9 Droplet fragmentation 4μs after impact on the target in cases 1, 2, 3. Comparison between the experimental 
results captured 32o from the perpendicular view and the 3D reconstructed flow fields from the simulation. Blue iso-
surface represents the sharp interface regions and grey iso-surface the diffuse interface regions calculated with the 
multiscale two-fluid approach.   
Figure 2.7 along with two new grids with twice coarser and twice finer resolution in region I, 
respectively, are presented to depict the dependency of the interfacial approaches capabilities and 
the performed topological investigation on the local mesh resolution. 
As it can be observed in Figure 2.11, at the moment of impact the flow field is dominated by a 
segregated flow regime with perfectly separated two phases as defined by the droplet interface. 
Thus, up to this point, the sharp interface approach is applied exclusively in the whole flow field; 
good results are obtained with respect to the initial droplet shape. At that time, the occurring 
impact conditions correspond to a very high Weber number of 7.6×105 and thus, a prompt 
splashing is imposed driven by the dominant droplet inertia. Subsequently, the violent impact 
conditions do not allow for a liquid lamella to be formed, as depicted in the experimental results; 
instead, the production of a dense cloud of secondary droplets and ligaments is observed, which 
is moving radially ahead of the deformed droplet. At these stages, which correspond to times 1-
3μs in Figure 2.11, the topological algorithm detects the first transitions in the dispersed flow 
regime; the cloud of the produced fluid structures after the droplet and wall impact is subject to a  
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Figure 2.10 Droplet fragmentation 6μs after impact on the target in cases 1, 2, 3. Comparison between the experimental 
results captured 32o from the perpendicular view and the 3D reconstructed flow fields from the simulation. Blue iso-
surface represents the sharp interface regions and grey iso-surface the diffuse interface regions calculated with the 
multiscale two-fluid approach.   
diffuse interface approach, since it consists of structures smaller than 10-5m that cannot be 
resolved by the local mesh resolution. On the contrary, the simulation with the VOF method 
applied in the whole flow field captures accurately the tendency of a radial water expansion. 
However, the overall sharp interface formulation leads to the prediction of an unphysical thin 
water film after the impact, as in the case of a well-formed lamella under moderate impact 
conditions, instead of the experimentally observed wide cloud of secondary droplets. This 
predicted behaviour corresponds to the deficiency of the VOF method to resolve small fluid 
structures in the sub-grid scale limit. As a result, the computational cells with relatively small 
volume fractions, that imply the existence of microscale secondary droplets, are underestimated 
and therefore, a thin water film is calculated in the regions of a high-water volume fraction 
concentration. It is interesting to notice that at the examined early stages of impact, the multiscale 
two-fluid model with a finer mesh can predict more accurately the extent of the water spatial 
dispersion compared to the original or an even coarser mesh, as it is illustrated in Figure 2.11 at 
2 and 3μs. Given the fact that large-scale structures dominate the dispersed regions at early times 
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after impact, it is expected that a finer mesh can obtain most of the flow field information with 
the multiscale model to operate under a diffuse interface approach. Nevertheless, this is not the 
case for the later stages of impact, in which the microscale droplets overtake the larger initially 
produced droplets of the dense water cloud, as it will be discussed afterwards. 
Later stages of the droplet impact are depicted in Figure 2.12, where the flow is highly dispersed 
with an extended cloud of secondary features expanding radially away from the target. A 
widespread dispersed region in the form of an expanding corona is also captured by the multiscale 
two-fluid model; however, the calculated radial water dispersion is limited compared to the 
experimental observation. More specifically, after 4μs in regions of apparent water concentration 
in the experiment, approximately 1 mm away from the target, there is not any significant amount 
of water volume fraction present in the simulation. Moreover, as shown in Figures 2.8, 2.9, 2.10, 
the smaller structures are underestimated at the outer sides of the expanding cloud and the mixing 
of the injected water with the surrounding air is limited. Due to the supersonic conditions of the 
expelled surrounding air at the later stages of impact and the significant increase in local air 
temperature, vaporisation may be the key mechanism of water dispersion at the borders of the 
expanding water cloud; thus, the consideration of vaporisation effects should lead to an improved 
and more realistic capturing of the extended water dispersion at the later stages of impact. 
However, as it is comprehensively presented in Figure 2.13, the vertical expansion of both the 
attached-on-wall water film and the dispersed secondary droplets cloud is well predicted with the 
performed simulation under the existing highly multiscale conditions in the course of the impact 
and meets satisfactorily the experimental measurements for the lower values of the water volume 
fraction. Therefore, the obtained results provide a relatively accurate insight into the presence of 
an extended and chaotic water dispersion in contrast to the VOF method results, which are 
restricted to a non-realistic water film spreading with only a few droplets being formed as a 
numerical result of the strict sharp interface implementation. Within the scope of a grid 
dependency analysis, it is noticeable in Figure 2.12 that for the occurring dominant dispersed flow 
regime, a coarser computational mesh along with the multiscale approach can provide locally a 
more extended radial water dispersion region. Some of the original computational cells with 
negligible water volume fraction are now incorporated to neighbour cells and therefore, are 
subject to a diffuse interface regime for the modelling of local sub-grid scale secondary droplets 
with dimensions even less than 1μm. This behaviour comes in contrast to the results obtained 
with the multiscale approach and a finer mesh, which predict a limited radial water spreading and           
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Figure 2.11 Early stages of droplet impact with the target under the impact velocity of 150m/s (case 2). Comparisons 
between the experimental results from side view and the 3D reconstructed water volume fraction iso-surface at 10-3 
obtained with the multiscale two-fluid model and the VOF method. The diffuse interface regions, calculated with the 
multiscale two-fluid model using 3 different mesh resolutions, are compared in the last column. Yellow iso-line 
represents the water volume fraction at 10-5, red isoline the diffuse interface regions using a coarse mesh and green 
isoline the diffuse interface region using a fine mesh. 
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Figure 2.12 Later stages of droplet impact with the target and intense water dispersion under the impact velocity of 
150m/s (case 2). Comparisons between the experimental results from side view and the 3D reconstructed water volume 
fraction iso-surface at 10-3 obtained with the multiscale two-fluid model and the VOF method. The diffuse interface 
regions, calculated with the multiscale two-fluid model using 3 different mesh resolutions, are compared in the last 
column. Yellow iso-line represents the water volume fraction at 10-5, red isoline the diffuse interface regions using a 
coarse mesh and green isoline the diffuse interface region using a fine mesh. 
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approach the results of the pure VOF simulation. Consequently, the application of the multiscale 
two-fluid model in flow regions with multiple dynamic transitions between the segregated and 
dispersed regimes using a locally uniform computational grid, as performed in the conducted 
simulations, requires a compromise regarding the selected grid resolution. More specifically, 
given the numerical limitations of the VOF and the diffuse interface methods with respect to the 
computational grid and the switching criteria of the flow topology detection algorithm, an 
intermediate grid resolution is defined as optimum. 
 
Figure 2.13 Droplet fragmentation under the impact velocity of 150m/s (case 2). Comparisons between the 
experimental and the numerical results with different water volume fraction values for the vertical expansion of the 
attached-on wall-water film and the secondary droplets cloud. 
The high-speed droplet impact is governed by significant compressibility effects inside the droplet 
at the early stages of the interaction with the rigid wall. After the moment that the droplet reaches 
the wall, a strong shock wave is formed inside the droplet with local pressure up to 1200bar, as 
depicted in Figure 2.14 at 0.4μs. The shock wave is propagating and moving outwards, opposite 
to the droplet motion, while it gradually overtakes the contact line between the target and the 
deforming droplet. At 1.7μs, it is observed that the shock wave is reflected normal to the droplet 
outer free surface and an expansion wave adjacent to the free surface is created, as previously 
observed by Haller et al. [88] and Wu et al. [91]. Afterwards, the shock wave propagation 
continues with the formation of an increasing low-pressure region inside the droplet, until the 
time it reaches the boundary of the deforming droplet interface, and it is reflected backwards at 
2.7μs. This shock wave reflection results to the creation of strong rarefaction waves at 2.9μs, as 
previously captured by  Haller et al. [88] and Wu et al. [91] for similar impact cases; the shock 
wave reflection could result to extended cavitation regions inside the droplet. However, it has 
been shown in previous numerical studies of Niu & Wang [89], Kyriazis et al. [90] and Wu et 
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al. [91] that under similar conditions the produced vapour volume fraction after the shock wave 
reflection does not exceed the value of 0.03, defining a non-significant cavitation effect. Since 
the droplet impact evolution is not driven by cavitation under the examined impact conditions, a 
model for cavitation has not been implemented in the developed multiscale framework; instead, 
a very small volume fraction of air of the order of 10-6, which corresponds to the nucleation 
volume fraction, is introduced in the initial droplet volume fraction. Under this assumption, the 
small gaseous volumes inside the droplet will expand after the significant pressure drop, leading 
to volumes equal to those that would occur with cavitation. The pressure evolution inside the 
droplet will continue with the gradual elimination of the created regions of small gaseous 
volumes, as long as the droplet widespread splashing is dominating the surrounding flow field. 
 
Figure 2.14 Time evolution of the pressure field inside the droplet, the shock wave formation and propagation along 
with the density gradient and the Mach number for the surrounding air after the droplet impacting the rigid target with 
a velocity of 150m/s (case 2). 
After the droplet impact and along with the beginning of a strong shock wave propagation inside 
the droplet, the development of a high-speed jetting is observed in Figure 2.15. The injected water 
film, which just after the droplet impact at 1μs has a velocity 5 times larger than the impact 
velocity, is responsible for the rapid lateral and radial water dispersion. This observation also 
meets the experimental measurements of a maximum liquid film expanding velocity at around 
720m/s. At the same time, a supersonic flow with strong propagating shock waves is observed in 
the surrounding air, due to the high-speed dispersion of the produced water cloud. As illustrated 
in Figure 2.14, the formation and high-speed injection of the water film at the early stages of the 
droplet impact, corresponds to a violent displacement of the surrounding air, resulting to a 
supersonic flow of the air with local Mach numbers up to 2.5. Subsequently, during the droplet 
lateral spreading on the wall target, the intensity of the initial jetting and the propagating shock 
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waves in the air is reduced; however, the velocities of the water phase remain significant with 
peaks on the dispersed flow regions, where the secondary droplets cloud is penetrating the 
surrounding air. An examination of the temporal and spatial evolution of the relative velocities 
between the droplet and the surrounding air in Figure 2.15 comes to the same conclusion that the 
highest water velocities occur at the borders of the expanding water cloud. Thus, in highly 
dispersed flow regions, where practically very small droplets are present, the consideration of 
aerodynamic and slip velocity effects increases the physical coherency of the numerical model. 
 
Figure 2.15 Time evolution of the water velocity field inside the droplet and the relative velocity field in the 
surrounding area after the droplet impacting the rigid target with a velocity of 150m/s (case 2). 
In Figure 2.16, the temporal evolution of the calculated interface surface area under different 
impact velocities is presented, as it is obtained from the transport equation for the liquid gas 
interface surface area density (2.5). A similar pattern regarding the interface surface area 
production over time is observed irrespectively of the impact conditions. More specifically, after 
the droplet impact the interface surface area is gradually increasing with the same rate until 
approximately point A. These time instances, as shown in Figure 2.17, correspond to the early 
stages of splashing, where the water film lateral spreading on the wall target dominates the 
formation and expansion of the dispersed water cloud. Since the surface area of the undeformed 
droplet interface remains unchanged, the maximum values of the interface surface area are 
observed on the dispersed regions away from the wall targe,t where sub-grid scale turbulent 
mixing and secondary droplet coalescence and breakup have a crucial effect on interface 
production, as described in equation (2.5). After that and until approximately point B in Figure 
2.16, the interface surface area performs a rapid increase which is more intense with an increase 
on the impact velocity and is related to later stages of the fragmentation evolution with the water 
dispersion becoming the main effect on interface production. After point B and until the end of 
the observation of the phenomenon, an almost smooth increase in interface surface area is shown 
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due to the penetration of the previously produced secondary droplets cloud in the surrounding 
area. 
 
Figure 2.16 Time evolution of the interface surface area for the developed water cloud and the secondary flow features 
after the droplet impact on wall with respect to the initial ellipsoid droplet surface area S0 under different impact 
velocities. As time zero is set the moment of impact onto the rigid wall for the droplet with impact velocity 150m/s. 
In Figure 2.18, two characteristic time instances at the earlier and later stages of the droplet 
fragmentation under the impact velocity of 150m/s are selected to depict the functionality of the 
flow topology detection algorithm. On the left side of the axis of symmetry the calculated 
diameters based on the interface curvature dcurv are illustrated, which are used for the first 
geometric criterion of equation (2.16) in the sharp interface regions. As shown, the local interface 
curvature can obtain relatively large values which based on equation (2.15) are correlated with 
small fluid structures, reaching the limit of the local mesh resolution and the accuracy capabilities 
of the sharp interface approach. However, only the geometric criterion is not sufficient to keep a 
physical consistency regarding the areas of small dcurv values, with such small fluid structures to 
be detected even in areas inside the deforming droplet core where the presence of small droplets 
has no physical interpretation. Thus, the additional topological criteria are the key factor in 
introducing a switching between sharp and diffuse interface approaches with respect to the local 
flow development and the physical transition from a segregated to a dispersed flow regime. The 
computational cells which satisfy both the geometric and the topological criteria and are subject 
to a diffuse interface formulation in the following time-step are marked in green. As expected, 
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these regions are detected at the borders of the already diffuse interface regions within the 
dispersed water cloud and they concern relatively large flow structures, which were previously 
resolvable by the mesh resolution with local minimum cell sizes of 10-5m. On the right side of 
Figure 2.18, the calculated interface surface area density diameters dΣ for the currently diffuse 
interface region within the highly dispersed secondary droplet cloud are illustrated. As shown, 
the local diameters used for the local drag force calculation range from the spectrum of 
microscales to 10-5m, which is the local minimum cell size and correspondingly the limit for a 
sub-grid scale analysis. In both time instances, a few computational cells are detected in the 
borders between sharp and diffuse interface approach regions with dΣ that exceed the local cell 
dimensions; these computational cells are subject to a sharp interface approach based on the 
geometric criterion of equation (2.17). 
 
Figure 2.17 Characteristic instances of the interface surface area evolution with respect to the initial ellipsoid droplet 
surface area S0 and the calculated diameters under the impact velocity of 150m/s (case 2). 
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Figure 2.18 Droplet fragmentation with impact velocity 150m/s (case 2). Blue iso-surface represents the sharp interface 
regions and grey iso-surface the diffuse interface regions calculated with the multiscale two-fluid approach. (On the 
left) The calculated diameters based on the interface curvature. In green are marked the cells switching from sharp to 
diffuse interface approach. (On the right) The calculated interface surface area density diameters. In green are marked 
the cells switching from diffuse to sharp interface approach. 
Considerable emphasis has been put on correlating the geometric switching criteria of the flow 
topology detection algorithm, which in essence act as an indication for the numerical capabilities 
of the sharp and diffuse interface approaches, with the physically observed transition between 
different flow regimes during the flow development. Therefore, in Figure 2.19 the Weber and 
Reynolds numbers for the dispersed secondary droplets after impact are presented, which are 
subject to an aerodynamic breakup induced by the relative velocity between the injected droplet 
with calculated diameter dΣ and the expelled surrounding air. As illustrated for successive time 
instances, the flow development after impact is restricted by the limit of Ohnesorge numbers less 
than 0.1, which indicates that the produced secondary droplets breakup is mainly controlled by 
the droplet Weber number, as described in Guildenbecher et al. [18]. Additionally, only inside the 
diffuse interface region are observed Weber numbers with values larger than 0.5, which 
correspond to the beginning of the droplets oscillation and deformation, as defined in 
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Guildenbecher et al. [18], confirming that the flow topology detection accurately predicts the 
dispersed flow. Within the diffuse interface region and closer to the edges of the radially 
expanding cloud of secondary droplets regions with increasing Weber number and values larger 
than 10 are detected, which is set as a limit for the droplet aerodynamic breakup in the review 
study Guildenbecher et al. [18]. 
                       
 
Figure 2.19 Droplet fragmentation with impact velocity 150m/s (case 2). Blue iso-surface represents the sharp interface 
regions and grey iso-surface the diffuse interface regions calculated with the multiscale two-fluid approach. (On the 
left) The Weber number field for the aerodynamic breakup of the produced secondary droplets after impact. Black iso-
line corresponds to Weber number value of 0.5. (On the right) The Reynolds number field for the aerodynamic breakup 
of the produced secondary droplets after impact. Red iso-line corresponds to Ohnesorge number value of 0.1.  
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A compressible Σ-Υ two-fluid model with dynamic interface sharpening based on local 
topological criteria has been developed and implemented in OpenFOAM ®. The aim of the 
present study was to simulate highly compressible flows with significant slip velocity effects and 
multiscale complexities using a uniform solver, which detects dynamically the different 
coexisting flow regimes and operates under the most appropriate formulation. The numerically 
challenging coupling of a two-fluid model with an interface sharpening method has been 
examined and validated against a benchmark case of a shock tube and a rising bubble, obtaining 
useful results on how to eliminate the relative velocity at the interfacial region to achieve an 
effective coupling.  
The model functionality has been thoroughly examined and applied in the highly compressible 
and multiscale case of a high-speed droplet impact; new experiments have been performed for a 
water droplet splashing on a surface at Weber number ~105 that have not been previously reported 
in the literature. The obtained results have shown a good agreement with the conducted 
experimental study regarding the capturing of the macroscopic characteristics of droplet 
fragmentation. Additionally, the proposed model has provided significant advantages particularly 
under a dispersed flow regime which dominates the later stages of droplet splashing in comparison 
to numerical methods imposing a sharpened interface and thus, excluding all the relevant sub-
grid scale phenomena. The developed multiscale two-fluid methodology contributes with 
significant additional information regarding the physical phenomenon evolution, like the relative 
velocity field, the shock waves development, and the interface surface area evolution, which have 
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3 DROPLET AEROBREAKUP 
A droplet exposed to a high-speed gas flow is subject to a rapid and violent fragmentation, 
dominated by a widespread mist of multiscale structures that introduces significant complexities 
in numerical studies. In the present chapter, the aerodynamic breakup of a water-like droplet 
imposed by three different intensity shock waves, with Mach numbers of 1.21, 1.46 and 2.64, is 
investigated using the multiscale two-fluid approach. Overall, the breakup of the deforming 
droplet and the subsequent dispersion of the produced mist show good agreement with available 
experimental studies in the literature. The major features and physical mechanisms of breakup, 
including the incident shock wave dynamics and the vortices development, are discussed, and 
verified against the experiments and the theory. While the experimental visualizations inside the 
dense mist are restricted by the capabilities of the diagnostic methods, the multiscale two-fluid 
approach provides insight into the mist dynamics and the distribution of the secondary droplets 
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The aerodynamic breakup of a liquid droplet imposed by a passing shock wave is a fundamental 
problem with a wide spectrum of engineering interest, ranging from fuel injection in both internal 
combustion [18], [112], [113], [114] and rocket engines [115], [116] to erosion damage in 
supersonic flights [117], [118]. Different classifications for the droplet breakup regimes are 
reported in the literature and defined based on key dimensionless parameters, namely the Weber 










with d0 the initial droplet diameter, σ the surface tension coefficient, ρg the post-shock gas density, 
ug the post-shock gas velocity, ρl the liquid density and μl the liquid dynamic viscosity. 
The five classic breakup modes, known as vibrational, bag, bag-and-stamen (or multimode), 
sheet-stripping (or sheet-thinning) and catastrophic regime, are summarized in a We-Oh regime 
map for low Ohnesorge numbers (Oh << 1) in the early review studies of Hinze [119], Pilch & 
Erdman [120] and Faeth et al. [121]. Recently, Stefanitsis et al. [122], [123], [124] provided 
improved breakup models for diesel droplets within the bag, bag-and-stamen and sheet-stripping 
regimes and identified an additional breakup mode, termed as “shuttlecock”, which is observed 
during the aerodynamic breakup of droplet clusters at low Mach numbers. On the other hand, 
Theofanous et al. [125] reclassified the classic droplet breakup modes into two principal regimes 
based on the governing interfacial instabilities, namely the Rayleigh-Taylor piercing (RTP) and 
the shear-induced entrainment (SIE) regime, introducing a broad and unified classification for 
both Newtonian and non-Newtonian droplets independent of the liquid viscosity and elasticity. 
Specifically, the RTP regime concerns a moderate droplet fragmentation, driven by a gradual 
flattening of the deforming droplet and a subsequent penetration of its accelerating mass by one 
or more unstable Rayleigh-Taylor waves. On the contrary, the SIE regime describes a chaotic 
fragmentation, defined by the prompt shear stripping from the droplet equator and followed by an 
extended entrainment of a multiscale mist. Dominant mechanisms that induce the droplet breakup 
are the Kelvin-Helmholtz instabilities, the capillary forces and the turbulent mixing, as described 
by Theofanous [5]. For low viscosity liquids with Ohnesorge numbers Oh<<1, the onset of the 
SIE regime is established for Weber numbers above 103, while the transition zone between the 
RTP and SIE regimes occurs for moderate Weber numbers in the range of 102 to 103. 
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Early experimental investigations of the SIE regime are focused on shadowgraphy experiments 
of water droplets, in a first attempt to depict and explain the stripping mechanism. Engel [126] 
examined the fragmentation of a large (2.7mm diameter) and a small (1.4mm diameter) water 
droplet imposed by three different shock waves of Mach numbers 1.3, 1.5 and 1.7 in order to 
demonstrate the influence of the sizes of rain droplets in the high-speed rain-erosion damage. 
Additionally, Nicholls & Ranger [127] considered incident shock waves with Mach numbers up 
to 3.5 and investigated the role of various parameters in the droplet aerobreakup evolution, such 
as the droplet diameter, the breakup time, the relative velocity between the droplet and the gas 
stream and the liquid-to-gas density ratio. Even though the macroscopic features of aerobreakup 
are revealed in both experimental studies [126], [127], namely the liquid stripping from the 
droplet surface and the production of an extended mist, the shadowgraphy method imposes 
limitations in displaying details of the internal structure of the dense water cloud. Alternatively, 
the pulsed laser holographic interferometry is proposed in the experiments of Wierzba & 
Takayama [128] and Yoshida & Takayama [129] and provides more clear and measurable 
visualizations of the shock-droplet interaction, the structure of the disintegrating droplet and the 
formation of a wake region behind the droplet under moderate Weber numbers around 103 and 
Mach numbers between 1.3 and 1.56.  
In current research, great emphasis is put on understanding the breakup mechanisms of liquid 
droplets, other than water droplets, of both Newtonian and non-Newtonian nature, as shown in 
the works of Theofanous & Li [130], Theofanous et al. [4], [131] and Mitkin & Theofanous [132]. 
Using laser-induced florescence (LIF), significant flow features are elucidated for the first time 
within a vast range of Weber and Ohnesorge numbers, including the initial Kelvin-Helmholtz 
waves on the coherent droplet surface and the development of different scales inside the dense 
mist at later stages of aerobreakup. In the case of elastic liquids, it is observed that the SIE regime 
is not subject to capillary forces; instead, the breakup initiates with the ruptures of extending 
liquid films and filaments at significantly higher Weber numbers, referred to as shear-induced 
entrainment with ruptures (SIER). Furthermore, recent studies in the literature investigate the 
effect of the post-shock flow on the initiation and evolution of the aerobreakup. Wang et al. [133] 
examined the effect of the gas stream conditions on the macroscopic breakup pattern and the final 
dispersion of the produced secondary structures for a constant Weber number at 1100 and varied 
post-shock flow Mach numbers in the range of 0.3 to 1.19. Specifically, the mist penetration and 
the fragment sizes show a dependency on the gas stream conditions and thus, a narrower mist of 
less uniform fragments is observed at the advanced stages of aerobreakup under supersonic post-
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shock conditions. Finally, Hébert at al. [134] presented experiments for significantly high Mach 
numbers between 4.2 and 4.6 and Weber numbers above 105 and defined the three stages and 
characteristic times of the breakup mechanism in supersonic post-shock flow, namely the droplet 
deformation, the extended fragmentation and the formation of a filament from the remaining 
liquid mass.   
An important and still uninvestigated feature of the shear-induced breakup mechanism concerns 
the dynamics of the dense and polydisperse mist, which is forming and disintegrating as a result 
of the droplet fragmentation. Even with state-of-the-art laboratory apparatus available, the access 
to information about the dimensions of the produced structures within the mist remains 
challenging. The attempts to obtain droplet size distributions from high-quality experimental data 
visualizations in the up-to-date literature, employed by Hsiang & Faeth [135], [136], [137], 
Villermaux [8] and Xu [138], are restricted to cases with moderate breakup, falling in the 
transition zone between the RTP and SIE regimes. Recent experimental studies of the SIE regime, 
such as the works of Theofanous [5], Theofanous et al. [4] and Wang et al. [133], provide a 
thorough investigation of the dominant physical mechanisms that influence the development of 
the dispersed mist. However, a quantification of the obtained fragment sizes inside the mist is not 
available. 
A key characteristic of the droplet aerobreakup under the SIE regime is the broad range of spatial 
and temporal scales involved, which introduces additional difficulties in the accurate capturing of 
the overall droplet deformation and fragmentation with the available numerical methods. Two-
dimensional simulations are suggested in the literature as a good compromise between the 
assumption of a fully symmetric droplet fragmentation and the prohibitive computational cost of 
a full-scale analysis. Specifically, the planar breakup of a cylindrical water column is a commonly 
adopted simplified problem to study the shock-imposed breakup and the shear-stripping 
mechanism. In the first numerical study of the entire shear-induced breakup process, Chen [139] 
simulated the aerobreakup of a water column after the impact with two different shock waves 
with Mach numbers 1.3 and 1.47, using the five-equation model of Saurel & Abgrall [140]. The 
simulations capture the macro-scale phenomena of the droplet deformation and displacement and 
show a good agreement with the experimental observations of Igra & Takayama [141]; however, 
the utilized diffuse interface approach imposes limitations regarding the sharpness of the coherent 
droplet interface. Similarly, with the use of the diffuse five-equation model of Allaire et al. [142], 
Meng & Colonius [143] provided simulations for the water column aerobreakup within a broader 
range of conditions with shock wave Mach numbers between 1.18 and 2.5; for the first time, the 
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development of a recirculation region behind the deforming droplet is investigated. Sembian et 
al. [144] conducted new experiments and simulations with the Volume of Fluid (VOF) method 
for the early stages of the shock-water column interaction for shock wave Mach numbers 1.75 
and 2.4; details of the shock waves motion are captured by the VOF method and a resolution of 
440 cells per diameter. Yang & Peng [145] examined the effect of viscosity on the deformation 
of the liquid column, using an adaptive mesh refinement (AMR) method for higher spatial 
resolution. More recently, Kaiser et al. [146] performed high-resolution simulations with adaptive 
mesh refinement for the benchmark case of Mach number 1.47, previously simulated by 
Chen [139], Meng & Colonius [143] and Yang & Peng [145], with an emphasis put on the more 
accurate prediction of the shock wave dynamics, observed in the experiments of Igra & 
Takayama [147], [148]. Overall, the two-dimensional simulations of the shear-induced droplet 
breakup in the literature focus on the capturing of the early stages of breakup and the shock wave 
dynamics, without investigating the later stages of fragmentation and mist development. 
Considering the high computational cost of a full-scale analysis, the limitation of the ordinary 
numerical methods to accurately model all different-scaled structures remains the main source of 
deviation between the simulation results and the experimental observations. Among the reported 
three-dimensional simulations in the up-to-date literature, Meng & Colonius [24] utilized an 
interface capturing method and a moderate mesh resolution of 100 cells per original droplet 
diameter to capture the macroscopic droplet deformation and achieved a good agreement with the 
experimental results of Theofanous et al. [4] for a shock wave Mach number 1.47 and post-shock 
flow Weber number 780. Additionally, a Fourier analysis was performed to interpret the 
mechanisms of the observed surface instabilities and the subsequent ligament breakup. Liu et 
al. [10] conducted both axisymmetric and three-dimensional simulations to examine the 
aerobreakup mechanism under supersonic conditions and identified significant details of the 
liquid stripping and the vortices development at the early stages of aerobreakup. In an attempt to 
investigate water dispersion, Stefanitsis et al. [149] proposed a coupled VOF/Lagrangian 
approach to simulate the coherent droplet and the produced droplets cloud, respectively. The 
obtained results predict the detachment of micro-scale droplets from the coherent droplet 
periphery, as depicted in the experimental visualizations of Theofanous et al. [4]; however, with 
a lack of physical input for the sizes of the produced Lagrangian particles. Recently, an improved 
Eulerian/Lagrangian model is proposed by Kaiser et al. [150] that allows a pre-set number of 
Lagrangian particles to detach from the droplet surface and later, evolve in sizes, following the 
gas stream flow.  
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More sophisticated studies in the literature, including the direct numerical simulations (DNS) 
performed by Chang et al. [151], demonstrate the developed Kelvin-Helmholtz instabilities on 
the coherent droplet surface for a glycerol droplet impacted by a shock wave of Mach numbers 
1.2 and 2.67. Additionally, the DNS study of Hébert et al. [134] reveals the characteristic stages 
and breakup times of the aerobreakup process for a water droplet under supersonic conditions 
with a shock wave Mach number equal to 4.24. The obtained results accurately capture the 
incident shock wave propagation and the subsequent bow shock formation, as observed in the 
conducted experiments by the same authors. However, despite the efficiency in computational 
resources, both DNS studies [151], [134] mainly focus on the early-stage dynamics and avoid 
investigating the dimensions of the secondary structures inside the dense water mist, which is 
captured as a detached but continuous filament in the simulations Hébert et al. [134] without any 
internal structures . 
At the same time, thorough interpretations of all the stages of aerobreakup in the current literature 
concern only studies with moderate Weber numbers in the transition zone between the RTP and 
SIE regimes, namely with Weber numbers in the range of 102 to 103. Specifically, Dorschner et 
al. [152] presented a comprehensive analysis of the ligaments formation and disintegration for the 
case of a water droplet exposed to a shock wave of Mach number 1.3 and a subsequent post-shock 
flow with Weber number 470. The conducted simulations, using a multicomponent model with 
interface capturing and a moderate spatial resolution of 140 cells per diameter, accurately predict 
the recurrent breakup mechanism of the produced ligaments in consistence with the experimental 
observations. Additionally, in the studies of Jalaal & Mehravaran [153] and Jain et al. [154] a 
thorough quantitative analysis of the fragments development is demonstrated, along with 
information for the number of the produced fragments and secondary droplet size distributions. 
However, both numerical studies [153], [154] investigate flows with Weber numbers below 103 
and thus, concern the development of a relatively light mist of distinguishable larger-scaled 
fragments. A summary of the key numerical studies of droplet aerobreakup in the up-to-date 
literature, the utilized numerical methods, the examined conditions, and the experimental works 
used for validation is presented in Table 3.1. Overall, additional quantitative research is required 
to reveal all macroscopic and microscopic mechanisms at the later stages of breakup and provide 
an insight into the dense mist development under the SIE regime.  
Following the limitations and challenges of the commonly adopted numerical methodologies for 
the simulation of droplet aerobreakup, there is a gap in the up-to-date literature concerning a 
detailed analysis of the dispersed mist development under the SIE regime, due to the dominance 
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of multiscale structures and the significant computational cost of a full-scale analysis. In the 
present chapter, the multiscale two-fluid approach is proposed in order to investigate the 
multiscale features of droplet aerobreakup with a viable computational cost. The multiscale two-
fluid approach employs a sharp interface method for the deforming droplet interface and a 
physically consistent sub-grid scale modelling for the produced mist, using numerical models for 
the dominant sub-grid scale mechanisms previously validated and utilized in the literature for 
similar multiscale flows and conditions [155], [56]. The proposed numerical method is now 
utilized for the first time in the droplet aerobreakup problem and is found to predict accurately 
both the early-stage breakup mechanisms and the later-stage dispersion of the produced fragments 
imposed by three different shock waves with Mach numbers 1.21, 1.46 and 2.64, as presented in 
§3.3 and compared with the experimental observations of Theofanous [5] and Theofanous et 
al. [4]. The novelty of the present simulations lies on the thorough quantitative analysis of the 
droplet fragmentation and the produced mist dynamics. Specifically, during the early mist 
development, two stripping mechanisms are identified and investigated in consistence with the 
experimental visualizations. Additionally, the differences in the early and later mist development 
under subsonic and supersonic post-shock conditions are demonstrated and a physical 
interpretation is provided with respect to the evolution of the gas stream flow. Finally, for the first 
time in the up-to-date literature, a characterization of the droplets’ population inside the dense 
mist is obtained and analysed based on the modelled sub-grid scale phenomena that govern the 
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Table 3.1 Summary of the key numerical studies of droplet aerobreakup in the up-to-date literature. 
Year Authors Numerical Model Simulation Ms We Experiments 
2008 Chen [139] 
five-equation model [140] 
(diffuse interface method) 
2D planar 1.3                 
1.47 
3.7 × 103                       
7.4 × 103 
Igra & Takayama [141] 
2012 Jalaal & Mehravaran [153] AMR VOF method DNS - 38 - 400 
Bremond & Villermaux [156]  
Cao et al. [157] 
2013 Chang et al. [151] 
MuSiC+ solver                                         
(high-order/ AMR method) 
DNS 
1.2                 
2.67 
5.2 × 102      
5.4 × 104 
Theofanous [5] 
2015 Jain et al.  [154] AMR VOF method 3D - 20 - 120 Own 
2015 Meng & Colonius [143] 
five-equation model [142] 
(diffuse interface method) 
2D planar 1.18 - 2.50 940 - 1.9 × 104 Igra & Takayama [147], [141] 
2016 Sembian et al. [144] VOF method 2D planar 
1.75                
2.4 
9.5 × 104              
3.8 × 105 
Own  
2018 Liu et al. [10] 
five-equation model [142] 
(anti-diffusion method) 
2D planar/ 3D 
1.2 – 1.8     
(post-shock M)           
103 < We < 105 Sembian et al. [144] 
2018 Meng & Colonius [24] 
five-equation model [142]    
(interface capturing method) 
3D 1.47 780 Theofanous et al. [4] 
2019 Yang & Peng [145] 
AMR sharp-interface method 
2D planar 1.47 7.4 × 103 
Igra & Takayama [148]   
 
2020 Dorschner et al. [152] 
multicomponent model  
with interface capturing 
3D 1.3 470 Own 
2020 Hébert et al. [134] Eulerian solver  
2D axisymmetric/  
DNS 
4.24 1.2 × 105 Own 
2020 Kaiser et al. [146] AMR Level-Set method 2D planar 1.47 7.4 × 103 Igra & Takayama [147],  [148]  
2021 Kaiser et al. [150] Eulerian/Lagrangian method 2D planar 1.47 7.4 × 103          Igra & Takayama [148] 
2021 Stefanitsis et al. [149] VOF/Lagrangian method 
2D planar            
3D 
1.47                
1.24 
7.4 × 103          
780 
Igra & Takayama [147]   
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3.2 Numerical Modelling 
3.2.1 Numerical Method 
The Σ-Y two-fluid model with dynamic local topology detection, as introduced in §2.2, is utilized 
for the droplet aerobreakup simulations. The developed multiscale two-fluid approach consists of 
a broad and numerically stable case-independent multiscale framework, and thus, no 
modifications were required for the present simulations. Therefore, the individual features of the 
proposed method allow for a physically consistent investigation of the multiscale aspects of 
droplet aerobreakup within the multiscale framework. Specifically, the implemented 
compressible two-fluid approach, introduced by Ishii & Mishima [38], provides remarkable 
advantages, due to the consideration of compressibility and slip velocity effects; both flow 
phenomena are responsible for inducing the droplet breakup mechanism under the SIE regime. 
Additionally, the incorporation of the Σ-Υ model, which was initially proposed by Vallet & 
Borghi [53], contributes to a computationally efficient full-scale analysis, since it provides 
modelling solutions for the microscale droplets and the underlying sub-grid scale phenomena 
inside the widespread mist. 
A fundamental feature of the multiscale framework is the topological detection of different flow 
regimes based on advanced on-the-fly criteria. As a result, the most appropriate modelling 
formulations are applied in each flow region, remaining in coherence with the local mesh 
resolution. Particularly, in segregated flow regions, which are present on the interface of the 
deforming but still coherent droplet, the interface is fully resolved using the VOF sharp interface 
method [45], [46]. On the contrary, inside the dispersed water mist with structures smaller than 
the local grid size, the methodology applies a diffuse interface approach and incorporates an 
additional transport equation for the interface surface area density Σ [55] in order to model the 
unresolved sub-grid scale phenomena. 
The governing equations of the multiscale two fluid approach, along with details of the 
implementation in OpenFOAM®, are previously introduced in §2.2. Regarding the aerobreakup 
simulations of the present chapter, a comprehensive discussion about the validity of the utilized 
numerical models and the imposed assumptions within the multiscale framework is presented in 
Appendix 3.A. 
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3.2.2 Problem Definition and Simulation Set-up 
The droplet aerobreakup is examined for a water-like droplet with an initial diameter of 1.9mm, 
namely a tri-butyl phosphate (TBP) droplet with density ρ=978kg/m³ and dynamic viscosity 
μ=4×10-3Pa∙s, similar to water properties, but a very low surface tension of σ=0.027N/m. The 
numerical simulations are conducted for three different shock waves that impact the droplet and 
correspond to a subsonic, transonic, and supersonic post-shock gas stream. The simulation results 
are compared with the experimental observations of Theofanous [5] and Theofanous et al. [4] for 
the same aerobreakup cases. The three examined cases comprehensively cover the range of the 
available experimental conditions for low viscosity liquids within the SIE regime in the literature, 
as depicted in the regimes map in [4]; the onset of the SIE regime is defined for Weber numbers 
greater than 103 and demonstrates a moderate shear-induced aerobreakup, while the most intense 
and violent fragmentation is observed for significantly higher Weber numbers above 105 and 
supersonic post-shock flow conditions. 
Table 3.2 summarizes the Mach numbers of the propagating shock waves, the post-shock flow 
conditions and the Weber and Reynolds numbers calculated for the gas properties at post-shock 
conditions. The post-shock gas stream properties are also used for the non-dimensionalization of 
the flow fields, as shown in Meng & Colonius [24], in order to obtain a direct comparison between 
the different cases.  
Table 3.2 Shock wave and post-shock conditions for the conducted droplet aerobreakup simulations. 



















1.6 × 103 
7 × 103 
1.23 ×105 
1.6 × 104 
3.7 × 104 
1.6 × 10⁵ 
The droplet aerobreakup simulations are performed in a 2D axisymmetric geometry with one cell 
thickness in the azimuthal direction, using two computational meshes with a resolution of 100 
and 200 cells per original droplet diameter around the area of interest. The computational domain 
is sufficiently large to avoid non-physical reflections on the borders and Neumann boundary 
conditions are applied for all the computed flow fields. The simulations are initiated with the 
shock wave being one diameter away from the centre of the droplet. Details of the initial 
configuration and the computational mesh are illustrated in Figure 3.1. 
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Figure 3.1 Initial configuration and information regarding the computational mesh for the simulation of droplet 
aerobreakup. 
DNS studies in the literature [10], [151] utilized a computational mesh of more than 1000 cells 
per diameter to solve the viscous boundary layer and predict the Kelvin-Helmholtz instabilities. 
However, due to the significant computational cost, these DNS studies are restricted to the 
demonstration of the early-stage instabilities on the coherent droplet surface and do not examine 
the later-stage fragmentation and mist development, which is the main objective of the current 
simulations. On the contrary, the utilized spatial resolution of 100 and 200 cells per original 
diameter is commonly selected in the literature, indicatively in [134], [24], [149], [152], and is 
proven to capture accurately the macroscopic deformation of the coherent droplet surface, while 
the investigation of the Kelvin-Helmholtz instabilities remains out of scope in the present study. 
The two characteristic scales that determine the onset of the droplet aerobreakup under the SIE 









≅ 0.12𝑚/𝑠, as defined by Theofanous [5]. The viscous velocity is 
related with the unresolved Kelvin-Helmholtz instabilities inside the viscous boundary layer, 
while the capillary velocity balances the stripping actions of the developed wake on the droplet 
surface and the surface tension force that restrains the liquid detachment. With respect to the 
turbulence characteristic scales, the Kolmogorov velocity scale is around ~0.1m/s in subsonic 
case 1 and it rises to ~1m/s in supersonic case 3. At the same time, the produced secondary 
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droplets inside the mist have diameters in the range of 0.01μm to 19μm, while the Kolmogorov 
length scale is of the order of ~0.5μm in the three examined cases. Therefore, turbulence effects 
are becoming more significant under supersonic post-shock conditions and are responsible for the 
breakup of the smallest-scaled droplets. 
In the present simulations, the flow turbulence is considered using LES modelling with the 
implementation of the one-equation SGS model of Lahey [93]. However, the utilized 2D 
axisymmetric geometry with one cell thickness in the azimuthal direction imposes limitations 
regarding the accurate capturing of the turbulent state, which corresponds to fully 3D-developed 
phenomena. Specifically, the simulation is initialized without turbulence in the flow field and 
thus, the instantaneous velocity field is 2D. Therefore, in the absence of developed turbulence or 
a developed turbulent boundary layer at the initial conditions, the LES approximation can be 
applied in the present geometry of one cell thickness in the azimuthal direction without significant 
limitations. Additionally, Stefanitsis et al. [158] depicted that the assumption of a symmetrical 
flow field around the deforming droplet under the influence of turbulence and vortex shedding 
does not affect the shape of the coherent droplet; however, it can have an influence on the 
trajectory and the breakup time of the fragments. Hence, the present axisymmetric geometry can 
adequately predict the coherent droplet deformation and fragmentation with minor limitations 
regarding the produced fragments motion due to the absence of the stochastic character of a fully 
developed turbulent field. At the same time, key numerical studies in the 
literature [134], [143], [24], [10], [146] exclude the consideration of turbulence effects, without a 
limitation in capturing the dominant macroscopic phenomena of the aerobreakup evolution, while 
DNS studies [134], [151] do not report any significant difference or previously unrevealed 
mechanisms in the flow field due to the resolved turbulence. Consequently, despite the discussed 
limitations, the utilized 2D axisymmetric geometry with one cell thickness in the azimuthal 
direction is an acceptable compromise between an adequate turbulence model and a viable 
computational cost. 
Regarding the numerical simulation set-up, the spatial discretization used is based on second-
order accurate discretization schemes. Time stepping is performed adaptively during the 
simulation to respect the selected limit for the convective Courant–Friedrichs–Lewy (CFL) 
condition of 0.2. Finally, the thermodynamic closure of the system is achieved by implementing 
the stiffened gas equation of state, proposed by Ivings et al. [94], for the liquid phase and the ideal 
gas equation of the state for the gaseous phase, which can perform adequately even under 
supersonic post-shock conditions, as shown in Hébert et al. [134]. 
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3.3 Results and Discussion 
The numerical investigations of the droplet aerobreakup using the proposed multiscale two-fluid 
approach are presented for the three cases of Table 3.2 in Figures 3.2, 3.3, 3.4, respectively and 
compared with the corresponding experimental observations of Theofanous [5] and Theofanous 
et al. [4]. Following the pass of the shock wave, the small-scale interfacial instabilities on the 
droplet surface and the pressure differences between the upstream and downstream side of the 
droplet impose a gradual deformation of the initially spherical droplet into a flattened shape. The 
deforming coherent droplet interface is captured using the VOF method and illustrated with red 
isolines in Figures 3.2(i), 3.3(i), 3.4(i). As it can be observed for the three simulated cases, the 
macroscopic deformation of the coherent droplet interface shows a good qualitative agreement 
with the experimental results, following satisfactorily the spanwise expansion and the flattening 
of the backside of the droplet.  
At the same time, the large-scale droplet deformation is followed by an extended fragmentation, 
which initiates due to liquid stripping from the droplet surface and results in the formation of a 
dispersed mist of microscale structures. The produced mist is simulated within the diffuse 
interface formulation of the multiscale framework, while numerical models are introduced for 
consideration of the unresolved sub-grid scale phenomena. Specifically, during the early stages 
of aerobreakup, liquid stripping is observed initially from the droplet equator and later from the 
backside of the droplet with the two streams to collide into a primary stream and form a 
widespread mist, as shown in Figures 3.2(i), 3.3(i), 3.4(i) and previously discussed in the study 
of Liu et al. [10]. The main stripping mechanism, which is responsible for the production of the 
primary stream, is enhanced by the growing vortices formed on the backside of the droplet; the 
vortices interact with the droplet surface and enhance the existing mist with additional fragments, 
as illustrated in Figures 3.2(iv), 3.3(iv), 3.4(iv). Even though the near-stagnation region remains 
relatively flat, as observed in the experimental visualizations of Theofanous [5] and Theofanous 
et al. [4], a secondary stream of fragments is detached from the frontside of the droplet. Unlike 
the main stripping mechanism, which is dominated by the local flow vorticity, the secondary 
stripping mechanism is acting on the high-pressure side of the droplet and is driven by the 
interfacial instabilities on the droplet surface, the strong shear, and the aerodynamic conditions 
around the droplet. As a result, the produced secondary stream is more pronounced with an 
increase of the incident shock wave Mach number, as observed in Figure 3.4(i), since the 
supersonic post-shock conditions impose higher local pressure and gas stream velocities and thus,  
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Figure 3.2 Droplet aerobreakup in case 1. (i) Comparison between the experimental visualizations of Theofanous et 
al. [4] (t*=0.20, 0.38) and Theofanous [5] (t*=0.53), the simulation results of the deforming coherent droplet (red iso-
line for water volume fraction value 0.5) and the produced water mist (yellow iso-surface for water volume fraction 
values higher than 10-5) (ii) 3D reconstructed results (iii) Dimensions of the secondary droplets inside the mist (iv) Air 
and water velocity magnitudes (top) and vorticity streams (bottom). 
amplify the aerodynamic forces on the frontside of the droplet. Finally, the primary and secondary 
streams of fragments merge, following the free-stream gas flow and the aerodynamic force 
imposed by the upstream and downstream pressure differences, and create a dense mist layer 
around the deforming droplet in consistence with the experimental observations. At the late stages 
of fragmentation, secondary structures continue to detach from the surface of the elongated but 
still coherent body of the deformed droplet, while the penetration and dispersion of the produced 
mist dominate the breakup mechanism.  
The dimensions of the produced droplets inside the dense mist are obtained in coherence with the 
evolution of the interface surface area, considering turbulence, droplet collision and coalescence,   
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Figure 3.3 Droplet aerobreakup in case 2. (i) Comparison between the experimental visualizations of Theofanous et 
al. [4] (t*=0.23) and Theofanous [5] (t*=0.29, 0.43), the simulation results of the deforming coherent droplet (red iso-
line for water volume fraction value 0.5) and the produced water mist (yellow iso-surface for water volume fraction 
values higher than 10-5) (ii) 3D reconstructed results (iii) Dimensions of the secondary droplets inside the mist (iv) Air 
and water velocity magnitudes (top) and vorticity streams (bottom). 
and secondary breakup effects within the multiscale framework. The largest secondary droplets 
with a maximum diameter of 19μm are detected close to the coherent droplet and on average 
around the droplet equator and the droplet flattened backside, as illustrated in Figures 3.2(iii), 
3.3(iii), 3.4(iii). Thus, based on the liquid stripping mechanism, the largest captured secondary 
droplets are detached from the coherent droplet under the influence of the main stripping 
mechanism and are embedded in the primary stream of fragments. Additionally, in the supersonic 
case 3 in Figure 3.4(iii), significantly large droplets close to the maximum diameter are also 
observed on the droplet frontside during the later stages of fragmentation, when the secondary 
stripping mechanism contribution to the overall droplet aerobreakup is remarkable. The maximum 
diameter is correlated with the local mesh resolution for a mesh of 100 cells per initial diameter 
and thus, the size limit for structures that can be resolved with the VOF method. Details about the  
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Figure 3.4 Droplet aerobreakup in case 3. (i) Comparison between the experimental visualizations of Theofanous et 
al. [4] (t*=0.18, 0.29) and Theofanous [5] (t*=0.52), the simulation results of the deforming coherent droplet (red iso-
line for water volume fraction value 0.5) and the produced water mist (yellow iso-surface for water volume fraction 
values higher than 10-5) (ii) 3D reconstructed results (iii) Dimensions of the secondary droplets inside the mist (iv) Air 
and water velocity magnitudes (top) and vorticity streams (bottom). 
upper limit of the sub-grid diameters with respect to the local grid resolution are presented in 
Appendix 3.A. In the review study of Pilch & Erdman [120], the largest fragments detached from 
the droplet equator are approximately one to two orders of magnitude smaller than the original 
droplet, which is in agreement with the newly detached fragments captured by the multiscale two-
fluid approach. At the same time, the smallest sub-grid scale droplets observed downstream have 
diameters in the range of 0.01μm to 0.1μm, without the numerical model to impose a lower 
diameter limit. These micro-scale droplets are visible as a cloud but cannot be quantified in the 
experiment and thus, there is no experimental input for the smallest droplet sizes. However, the 
significant extend of the secondary droplets interactions inside the dense mist can justify the 
production of the detected smallest sizes, while the exclusion of vaporization effects from the 
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performed simulations can be related with the possible longer-term presence of the smallest 
secondary droplets inside the dense mist. During the earlier stages of aerobreakup, the small-scale 
secondary droplets with diameters below 1μm are mostly observed downstream at the edges of 
the forming mist. Later, these are trapped inside the extended mist that continuously increases in 
volume and recirculates behind the deforming droplet. 
A driving mechanism for the aerodynamically imposed breakup and characteristic feature of the 
water dispersion evolution is the recirculation of the produced secondary droplets within the water 
mist. As depicted in Figures 3.2(iv), 3.3(iv), 3.4(iv) and discussed in the simulations of Meng & 
Colonius [24], the interaction of two counter rotating vortices is the key mechanism for the 
formation of a dominant wake recirculation region behind the deforming droplet. In the course of 
fragmentation, more secondary vortices with varying length scales and spatial arrangement form 
in the wake between the convex frontside and the flattened backside of the coherent droplet and 
are responsible for its deforming shape. Focusing on the effect of the propagating shock wave on 
the dynamics of the produced water mist, an increased Mach number results in a post-shock flow 
with an extended streamwise but relatively limited spanwise recirculation zone behind the droplet, 
as illustrated in Figures 3.2(iv), 3.3(iv), 3.4(iv). The free-stream gas velocity shows similar 
behaviour irrespectively of the Mach number with maximum values up to 1.5 times the initial 
post-shock velocity, observed in the region above the droplet equator and extending downstream 
along the negative vorticity side of the primary wake. At the same time, the secondary droplets 
that are subject to a vortical flow show maximum and minimum velocity values in anti-
diametrical positions along the primary recirculation region independent of the underlying droplet 
sizes. As highlighted in Figures 3.2(iv), 3.3(iv), 3.4(iv), the maximum velocity values are 
observed for the secondary droplets located along the upper and lower side of the primary wake, 
while the minimum velocity values are found above the droplet backside and downstream on the 
right side of the primary wake. Following the dominance of the vortical mechanism over time, 
the maximum velocity values among the secondary droplets gradually increase, until they reach 
or even slightly exceed the gas steam velocity values at the initial post-shock conditions, namely 
110.87m/s, 224.97m/s and 654.9m/s, for cases 1, 2 and 3, respectively. While the minimum 
velocity values in the droplets’ recirculation region approach zero, the newly detached fragments 
from the backside of the droplet do not remain stagnant. Nevertheless, they are embedded in the 
primary stream of fragments that is continuously enhanced and governed by the developed flow 
vorticity.  
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Figure 3.5 Coherent droplet isolines. Comparison between the experimental isolines of Theofanous et al. [4] (black 
dashed line) and the simulation isolines for volume fraction value 0.5 using a computational mesh with 100 (red solid 
line) and 200 (blue solid line) cells per initial droplet diameter. The arrows point to the small deviations between the 
experimental and simulation isolines. 
Focusing on the early-stage deformation in Figure 3.5, the droplet surface isolines, obtained from 
the experimental results in the work of Theofanous et al. [4], are compared against the numerical 
isolines for two different mesh resolutions of 100 and 200 cells per initial droplet diameter. The 
droplet surface deformation is adequately predicted by the conducted simulations and only minor 
deviations from the experimental isolines are observed on the tip of the flattened backside of the 
droplet, where the numerical method already detects detached fragments, as depicted in Figures 
3.2, 3.3, 3.4. Additionally, the good agreement between the simulation results with the utilization 
of a coarse and a fine computational mesh demonstrates that a moderate mesh resolution of 100 
cells per initial diameter is sufficient to resolve the large-scale droplet deformation. The sharpness 
of the numerical solution is examined in Figure 3.6, obtaining the droplet surface isolines from 
  Chapter 3 Droplet Aerobreakup 
 
    




different values of the liquid volume fraction and considering more advanced droplet deformation. 
As illustrated in Figure 3.6, the coherent droplet interface remains sufficiently sharp even at the 
late stages of aerobreakup. Some minor differences are observed on the upper tip of the deformed 
droplet interface and the detached large-scale secondary droplets.  
 
Figure 3.6 Coherent droplet isolines for different water volume fraction values, using a computational mesh with 100 
cells per initial droplet diameter. Produced water mist iso-surface for water volume fraction values higher than 10-5 
(grey). Comparison between cases 1, 2 and 3 at time instances that correspond to a decrease for the width of the 
deforming droplet by 10%, 25% and 50%. The arrows point to the small deviations in interface sharpness with different 
volume fraction values. 
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The intensity of the incident shock wave imposes the occurring post-shock flow conditions and 
is crucial for the droplet deformation and the consequent water dispersion. In the subsonic case, 
shown in Figure 3.7(a), when the shock wave with Mach number 1.21 impacts the stagnant 
droplet, the local pressure increases at approximately 2bar. At the same time, the incident shock 
wave continues to propagate downstream, and a reflected shock wave is established on the front 
side of the droplet and initiates its upstream propagation. The developed post-shock flow 
conditions are characterized by moderate pressure difference around the droplet and maximum 
local Mach number values at about 0.45. The transonic case of Figure 3.7(b) shows similar 
behaviour; however, the slower propagation of the reflected shock wave and the higher local 
Mach numbers lead to a more widespread fragmentation. On the contrary, in the supersonic case 
of Figure 3.7(c) the strong shock wave with Mach number 2.64 results to a significant increase of 
the local pressure at 35bar after impact. The subsequent reflected shock wave stabilizes close to 
the droplet as a detached bow shock. As a result, the flow conditions around the droplet remain 
supersonic with maximum local Mach number values above 2 that impose a significantly faster 
and more violent droplet fragmentation, which appears as a very dense and extensive dispersed 
mist downstream, also observed in the experiments of Hébert et al. [134] for similar Weber 
numbers.  
The widespread water dispersion in the form of a dense mist is the major fragmentation pattern 
under the SIE regime. An insight into the dimensions of the produced secondary droplets within 
the mist is presented in Figure 3.8, depicting the volume concentration of different droplet classes 
over the total volume of the dispersed region, as captured by the numerical model for the three 
cases in Table 3.2. A significant advantage of the conducted numerical simulations is the 
consideration of every fluid structure that forms as part of the flow development without 
excluding of small sizes; thus, providing information for sizes below the 5μm/pixel resolution of 
the camera utilized in the reported experiments and illustrated in grey colour in Figure 3.8. The 
first secondary droplets produced in all three cases are small structures, with more than 60% of 
the diameters in the total volume being below 1μm; these droplets are forming due to the initial 
liquid stripping from the droplet equator, as observed in the experiments at the very early stages 
of aerobreakup. Shortly after, the large-scale fragmentation is established when droplets with 
diameters above 5μm are detached from the coherent droplet surface and thus, an additional class 
of larger droplets, coloured in grey, is included in the distributions of Figure 3.8 at 42μs, 20μs 
and 7.1μs for the cases 1, 2 and 3, respectively.  
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Figure 3.7 Gas stream conditions during the droplet aerobreakup, while the incident shock wave lies at the same 
distance from the centre of the droplet. Pressure field and produced water mist evolution (top). Numerical schlieren 
images and Mach number isolines (bottom). 
Considering the evolution of the population of secondary droplets over time, larger droplet sizes 
above 1μm become more significant in the population with increasing Mach number, as observed 
in Figure 3.8 for cases 2 and 3. There are two crucial parameters that influence the secondary 
droplets distribution; firstly, the sizes of the newly detached fragments from the coherent droplet 
surface and secondly, the sub-grid scale droplet interactions inside the existing dispersed mist. 
Specifically, an increase of the incident shock wave Mach number imposes a violent droplet 
fragmentation with extended liquid stripping from the droplet surface due to severe aerodynamic 
conditions around the droplet and the dominance of the secondary stripping mechanism. As a 
result, large-scale droplets continue to fragment from the coherent droplet surface and enhance 
the secondary droplets population even during advanced stages of the aerobreakup process, as 
  Chapter 3 Droplet Aerobreakup 
 
    




depicted in the distributions of Figure 3.8(ii) and 3.8(iii) for the class of the largest droplets with 
diameters between 5 and 19μm and also illustrated in Figures 3.3 and 3.4 for indicative time 
instances.  
 
Figure 3.8 Volume concentration of the secondary droplets with diameters between 5 and 19μm (grey), 1 and 5μm 
(blue) and lower than 1μm (yellow) over the total volume of the dispersed region. The volume concentration of the 
dispersed region over the total volume of the water phase is plotted in red. The green vertical lines correspond to a 
decrease for the width of the deforming droplet by 10%, 25% and 50%. 
Following the production of the new fragments, the sub-grid scale droplet interactions are 
responsible for the further evolution of the secondary droplet sizes inside the dispersed mist. The 
required sub-grid scale modelling is performed within the multiscale framework using the 
transport equation for the interface surface area, equation (2.5) in §2; the mechanisms that 
determine the local interface formation, namely turbulent mixing, droplet collision and 
coalescence, and secondary breakup effects, are modelled as individual source terms SSGS. A 
positive contribution of the SGS source term corresponds to an increase of the local interface 
surface area and physically correlates with the evolution of the underlying sub-grid scale droplets 
into smaller diameters, while a negative SGS source term value describes a decrease of the local 
interface surface area due to the creation of sub-grid scale droplets with larger diameters. The 
secondary breakup mechanism can only result in the further breakup of the existing secondary 
droplets inside the mist and thus, has only a positive contribution in the SGS source term. Details 
regarding the calculation of the SGS source term are presented in Appendix 3.A. 
Figure 3.9 represents the volume concentration of the three sub-grid scale mechanisms that 
contribute positively on the local interface surface area production and the creation of smaller-
scaled droplets, namely the flow turbulence, droplet collision and secondary breakup effects, over 
the total volume of the dispersed region, as calculated in equation (2.5) for the three examined 
cases. In case 1, the sub-grid scale turbulence and collision effects contribute to the production of 
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the local interface surface area by above 90%, already at the early stages of aerobreakup, while 
the secondary breakup effects, governed by the relative velocity between the liquid and gaseous 
phases, are absent under the subsonic post-shock conditions. Overall, the predominant pattern is 
the further decrease of the secondary droplets sizes inside the dispersed mist, which is also 
reflected in the droplets population in Figure 3.8(i), highlighting an increase and dominance of 
the smallest scales over time. A distribution of uniformly small-scaled fragments is also 
demonstrated in the experiments of Wang et al. [133] at subsonic post-shock flows. In case 2, 
shown in Figure 3.9(ii), the creation of smaller-scaled droplets, driven by the local turbulence and 
collision, remains dominant for the mist evolution with a minor decrease compared to case 1. 
Additionally, the secondary breakup mechanism is not completely absent and has a small 
contribution in the mist dynamics. Therefore, the slightly reduced concentration of the class of 
droplets with the smallest diameters below 1μm, as depicted in the distribution in Figure 3.8(ii), 
is a combination of the enhancement of the larger-scaled new fragments under the transonic post-
shock conditions and the small decrease of the sub-grid scale interface surface area production.  
 
Figure 3.9 Volume concentration of the sub-grid scale mechanisms, namely turbulence, droplet collision, and 
secondary breakup, that contribute positively on the local interface surface area production and the creation of smaller-
scaled droplets over the total volume of the dispersed region. The green vertical lines correspond to a decrease for the 
width of the deforming droplet by 10%, 25% and 50%. 
Finally, case 3, presented in Figure 3.9(iii), demonstrates the significant influence of the 
supersonic post-shock conditions on the sub-grid scale mechanisms. Specifically, even though 
the flow turbulence maintains a major positive contribution on the production of smaller-scaled 
droplets, the collision effects are remarkably reduced by coalescence that becomes significant 
after the early stages of aerobreakup, even before the width of the deforming droplet is decreased 
by 10%. The coalescence of the secondary droplets enhances the droplet population with larger-
scaled droplets and explains the decreased concentration of the droplet class with the smallest 
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diameters, observed approximately after 10μs in Figure 3.8(iii). As illustrated in Figure 3.10, 
coalescence effects are present in the region of the main stripping mechanism, namely close to 
the droplet equator and the backside of the deforming droplet. During the evolution of 
aerobreakup, the coalescence region expands, driven by the increasing local flow vorticity. 
Similarly, in the study of Wang et al. [133], the presence of larger fragments among the dominant 
micro-droplets is observed at the advanced stages of aerobreakup under supersonic post-shock 
conditions. As discussed in [133] and in agreement with the present sub-grid scale analysis, these 
non-uniform fragments coalesce into larger secondary droplets, as imposed by the local flow 
conditions and the limited spanwise spread on the produced dense mist. At the same time, the 
secondary breakup shows a considerable and gradually increasing contribution on the mist 
evolution over time, as depicted in Figure 3.9(iii). The secondary breakup mechanism is mainly 
established on the droplet frontside, shown in Figure 3.10, where the secondary stripping 
mechanism dominates and the relative velocity between the newly detached droplets and the 
supersonic gas flow locally exceeds the value of 200m/s. However, the secondary breakup of sub-
grid scale droplets is not contributing significantly on the increase of the population of the smallest 
droplets, since it involves on average the breakup of large-scaled droplets with diameters above 
2μm, as demonstrated in Figure 3.10 for the time instances that correspond to a decrease for the 
width of the deforming droplet by 10%, 25% and 50%. 
 
Figure 3.10 Droplet aerobreakup in case 3 at time instances that correspond to a decrease for the width of the deforming 
droplet by 10%, 25% and 50%. Regions in the dispersed mist where the droplet coalescence (purple) and secondary 
breakup (red) are present (top). Dimensions of the secondary droplets inside the mist (bottom). 
Lastly, the volume concentration of the water mist over the total volume of the water phase is 
reduced by approximately 10% in case 3 compared to the lower Mach number cases 1 and 2 for 
the same width deformation, as shown in Figure 3.8(iii). At the early stages of aerobreakup, the 
limited mist concentration is related with the postponed breakup initiation, also observed in the 
experiments of Wang et al. [133] at supersonic post-shock conditions. However, at the later stages 
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of aerobreakup, the stripping mechanism becomes more significant under the influence of both 
the main and the secondary stripping mechanisms, depicted in Figure 3.6 in comparison with 
cases 1 and 2, leading to an extended and violent stripping from the coherent droplet surface. On 
the contrary, during the later stages of the aerobreakup process, the mist dynamics, governed by 
the modelled sub-grid scale mechanisms, play a major role in the evolution of the dispersed mist. 
In particular, as highlighted in Figure 3.9(iii) and discussed previously, the remarkable 
coalescence effects result in the destruction of the local interface surface area and thus, act against 
the further expansion of the existing mist. At the same time, the violent fragmentation under the 
supersonic post-shock conditions along with the increasing flow vorticity behind the deforming 
droplet impose the mist into a rapid downstream penetration. Therefore, the expansion of the 
dispersed mist in the spanwise direction is restricted compared to the cases with lower Mach 
numbers due to the severe gas stream conditions. Likewise, in the experiments of Wang et 
al. [133] a significantly narrower mist expansion is observed at supersonic conditions. In 
conclusion, the supersonic post-shock conditions impose the development of a relatively reduced 
mist with the significant presence of larger-scaled droplets until the advanced stages of 
aerobreakup. 
3.4 Summary 
The aerodynamic breakup of a water-like droplet under the SIE regime, imposed by three different 
shock waves with Mach numbers 1.21, 1.46 and 2.64, has been investigated using the developed 
multiscale two-fluid approach. The present numerical study provided the opportunity to verify 
the physical mechanisms of aerobreakup and scrutinize aspects of the process that were not 
evident in the experimental visualizations of Theofanous [5] and Theofanous et al. [4], using a 
physically consistent methodology with a viable computational cost. Specifically, the deformation 
of the coherent droplet interface was fully resolved by the local mesh resolution using the VOF 
sharp interface method, while the produced mist of secondary fragments was modelled under the 
diffuse interface approach with consideration of sub-grid scale phenomena, namely turbulent 
mixing, droplet collision and coalescence, and secondary breakup effects. 
During the early-stage mist development, two stripping mechanisms were identified to act on the 
coherent droplet surface. The main stripping mechanism is responsible for the formation of the 
primary stream of fragments, detached from the droplet equator and the droplet flattened backside, 
while the secondary stripping mechanism is present on the droplet frontside and becomes more 
significant at supersonic post-shock conditions. The largest detached fragments were observed on 
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average on the locations of the local liquid stripping and subsequently, the fragments sizes evolve 
inside the mist, following the gas stream flow evolution. The post-shock flow conditions and the 
development of a dominant recirculation region behind the deforming droplet play a major role 
in the formation and expansion of the produced mist. In a supersonic post-shock flow, the 
dispersed mist appears relatively narrower, due to severe aerodynamic conditions that establish a 
rapid downstream penetration.  
For the first time in the up-to-date literature, details for the secondary droplets’ population and 
the evolution of the droplets sizes inside the mist were obtained and analysed based on the 
modelled sub-grid scale phenomena and the local flow development. At supersonic post-shock 
conditions, the coalescence and secondary breakup mechanisms become more pronounced. 
Additionally, the droplet size distribution is enhanced with larger-scaled droplets even at the later-
stages of aerobreakup. As a result, the limited mist concentration under supersonic post-shock 
conditions is an outcome of the restricted spanwise expansion of the produced mist and the 
enhancement of the sub-grid scale interface destruction mechanisms inside the mist.  
Future research of DNS simulations, which include the investigation of the produced fragments, 
can provide a valuable quantitative validation for the present droplets’ population. Additionally, 
three-dimensional simulations, using the proposed multiscale two-fluid approach, could be 
appropriate to reveal more details and mechanisms of the mist dynamics and to consider the 
significance of three-dimensional phenomena, such as turbulence and vortex shedding, in the 
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3.A Validity of Closure Models and Numerical Limitations 
Modelling limitations may arise in the developed numerical method due to the introduction of 
closure relations for the source terms in the governing equations, the sub-grid scale modelling, 
the switching criteria within the multiscale framework and the absence of a quantitative validation 
for the produced mist. The validity of the utilized models and the imposed assumptions is 
discussed below, considering specifically the present simulations of droplet aerobreakup and the 
examined flow conditions. 
3.A1) The closure of the interfacial interaction terms, which appear in Navier-Stokes equations 
after the imposed averaging procedure and consider the mass, momentum, and energy exchange 
phenomena between the interacting phases, is an inherent modelling requirement of the two-fluid 
model formulation. In the present simulations, the applied closure relations are consistent with 
the examined flow conditions, as discussed below. 
3.A1.1) In continuity equations (2.1) in §2, the interfacial mass source term, which models the 
mass transfer due to phase-change phenomena, namely cavitation and vaporization, is neglected.  
• Cavitation plays a minor role at the early stages of aerobreakup in the examined cases. 
Specifically, as depicted in Figure 3.11, in cases 1 and 2 the shock wave propagation evolves 
smoothly downstream without any significant decrease in the local pressure inside the 
droplet, that can be related to the development of cavitation regions. On the contrary, in the 
supersonic case 3, the strong shock wave with Mach number 2.64 results to an increase of 
the local pressure at 35bar after impact. At 1.5μs the propagating shock wave inside the 
droplet is reflected normal to the droplet outer surface and an expansion wave is created. 
When the shock wave reaches the backside of the droplet, it partially reflects backwards, and 
a low-pressure region is formed at 2.5μs. Similarly, the experimental observations of 
Sembian et al. [144] depict the creation of cavitation bubbles and the subsequent decrease of 
the low pressure region in the aerobreakup of a water column under supersonic conditions. 
Despite the cavitation development, an early fragmentation, initiating from the backside of 
the droplet due to cavitation bubbles collapse, is not observed in the simulation results; the 
experimental visualizations of Theofanous et al. [4] also confirm the absence of any 
distinguishable surface oscillations or breakup on the backside of the droplet that can be 
related to significant cavitation effects.  
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Since the early stages of the droplet aerobreakup evolution are not driven by cavitation and 
the minor cavitation region has no macroscopic effect on the droplet fragmentation under the 
examined conditions, a model for nucleation and subsequent growth of the cavitating bubbles 
has not been implemented in the numerical framework. Instead, in the supersonic case 3, a 
very small volume fraction of air of the order of 10−6, which corresponds to a typical 
nucleation volume fraction [159], is introduced in the initial droplet volume fraction. Under 
this assumption, the small gaseous volumes inside the droplet will expand after the 
significant pressure drop, producing expansion similar to those that would occur with 
cavitation; with the subsequent pressure increase, the gaseous volume gradually collapses 
although any condensation and the pressure overshoot effects due to complete vapour 
collapse (which is not the case with the gas content) are not considered. 
 
• Vaporization modelling is neglected since the local liquid temperature does not increase 
more than 10K during the shock wave impact on the droplet in the examined cases. However, 
vaporization effects can be responsible for the extended water dispersion observed at the 
later stages of aerobreakup under the supersonic post-shock conditions of case 3; thus, 
vaporization could be considered in future research of aerobreakup imposed by high Mach 
number shock waves. 
  
• Other mass exchange contributions with an effect on interface formation are considered in 
the transport equation for the interface surface area density Σ, equation (2.5) in §2. 
3.A1.2) In momentum equations (2.2) in §2, the interfacial momentum source term accounts for 
the aerodynamic drag force, which dominates among the other interfacial forces acting between 
the dispersed droplets and the free-stream gas flow during the aerobreakup process, due to the 
severe aerodynamic conditions imposed by the upstream and downstream pressure differences. 
The aerodynamic drag force is defined as 𝐹𝐷 =
1
2
𝐶𝐷𝜌𝑔𝑎𝑠𝑢𝑟|𝑢𝑟|𝐴𝑑𝑟𝑜𝑝𝑙𝑒𝑡 . The calculated drag 
coefficient CD [106] is validated for a vast range of Reynolds numbers and here it is defined based 
on the local flow properties. The reference area of the droplet Adroplet is calculated based on the 
local interface surface area density Σ. The velocity fields are accurately predicted in the performed 
simulations, since a good agreement between the simulation and experimental results is observed 
with respect to the overall aerobreakup evolution and the liquid penetration; thus, the relative 
velocity ur can be precisely extracted from the two-fluid model. 
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3.A1.3) In energy equations (2.3) in §2, the interfacial energy source term is modelled via a 
standard heat transfer law [160] for the calculated temperature fields of the liquid and gaseous 
phases. In the present simulations, the observed temperature differences between the liquid and 
gaseous phases on interfacial regions can locally reach the absolute value of 35K in subsonic case 
1, almost 90K in transonic case 2 and can even exceed the absolute value of 500K in the bow 
shock region in supersonic case 3. Therefore, the modelling of thermal effects is becoming crucial 
for the accurate capturing of aerobreakup under high Mach numbers. 
 
Figure 3.11 Compressibility effects at the early stages of aerobreakup, namely the incident shock wave downstream 
propagation, the reflected shock wave in the free gas stream and the transmitted shock wave into the liquid droplet. 
Pressure field (top) and numerical schlieren images (bottom). 
3.A2) A fundamental principle of the multiscale two-fluid approach is the sub-grid scale 
modelling of unresolved flow structures via the transport equation for the interface surface area 
density Σ, equation (2.5) in §2. The physical mechanisms, which are responsible for the interface 
production and destruction, and which fall below the local mesh resolution, are considered in 
equation (2.5) as the sub-grid scale source term SSGS. Specifically, the contributions of turbulent 
flow stretching and wrinkling, along with the sub-grid scale droplet interactions, involving droplet 
collision and coalescence, and secondary breakup effects, are taken into account with the 
appropriate closure relations, summarized in Table 2.1. The SGS models are a function of the 
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characteristic timescale τSGS and the critical interface surface area density ΣSGS
∗  at an equilibrium 
state between interface production and destruction. The modelling assumptions and the validity 
of the SGS models are discussed below. 
• The turbulence term utilizes the Kolmogorov timescale. The accurate closure of the critical 
Weber number  Weturb
∗  [55], which expresses the balance between the liquid kinetic energy 
and the liquid surface energy at equilibrium state, requires a case-dependent calibration using 
DNS results. However, considering the significant computational cost, a viable compromise 
is to set the critical Weber number value equal to 1, even though it may result to a minor 
underestimation of the effect of turbulence on interface formation, as shown in the DNS 
study of Duret et al. [161] for the primary atomization of a subsonic spray. 
 
• The collision and coalescence model is based on the particle collision theory [55]. The major 
assumption concerns the characteristic velocity of collision between the colliding droplets, 
which is described as a function of the turbulent kinetic energy and has been used in subsonic 
liquid spray atomization simulations [55], [162]. Due to the lack of any sufficient 
information regarding the sub-grid scale particles and since collision is mainly turbulence 
driven, the proposed model is acceptable in the present simulations. 
 
• The secondary breakup model is based on the model of Pilch & Erdman [120], developed 
for Weber numbers up to 104. The secondary breakup effects are driven by the mean relative 
phase velocity [55], which is available within the two-fluid model formulation; thus, the 
relative velocity is directly obtained from the numerical model without the need of further 
modelling assumptions. 
3.A3) The dynamic switching from a sharp to a diffuse interface approach and vice versa, 
following the implemented criteria in the flow topology detection algorithm, is bounded by the 
local mesh resolution. In other words, the characteristic dimension, that establishes the resolution 
capabilities of the multiscale framework and determines which flow structures will be fully 
resolved and which will be modelled as sub-grid scale phenomena, is an external user-defined 
parameter. Specifically, in the present aerobreakup simulations, the mesh resolution of 100 cells 
per initial diameter imposes to droplets with diameters greater than 19μm to be resolved with the 
sharp interface approach, while the finer mesh of 200 cells per initial diameter allows for more 
droplets with a minimum diameter of 9.5μm to be captured by the local mesh resolution. However, 
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even though the upper limit for the secondary droplets’ diameters modelled within the diffuse 
mist is different for the coarse and the fine mesh, the droplets with diameters in the range of 9.5μm 
to 19μm, which are captured by the fine mesh resolution, are not excluded in the coarse mesh 
predictions. As shown in Figure 3.12, in the region where the fine mesh detects mesh-resolvable 
fragments, detached either from the droplet backside or the droplet equator, the coarse mesh 
identifies the largest-scaled secondary droplets within the diffuse mist.  
 
Figure 3.12 Demonstration of the upper limit for the secondary droplets’ diameters modelled within the diffuse mist, 
using a computational mesh with a resolution of 100 and 200 cells per original diameter. In blue colour are illustrated 
the secondary droplets inside the mist, captured with both mesh resolutions. In red colour are illustrated the droplets 
that are modelled inside the mist with the coarse mesh but are resolved by the mesh resolution with the fine mesh, 
shown inside the green box. The arrows point to areas where the coarse mesh detects fragments due to the unresolved 
interface sharpness. 
This switching mechanism operates well with moderate mesh resolutions in multiscale flows like 
the droplet aerobreakup problem, in which the sizes of the initial coherent droplet and the firstly 
formed fragments have a difference of approximately two orders of magnitude. However, in flow 
fields with structures, covering the complete range between micro-scales to millimetre sizes, the 
switching mechanisms should be improved. Part of the on-going research is the coupling of an 
adaptive mesh refinement algorithm with the sharp interface formulation in order to accurately 
capture the intermediate-scaled structures that are part of the sharp interface formulation, and the 
original moderate mesh is insufficient to resolve. 
Overall, the mesh dependency of the switching criteria does not imply a mesh dependent 
numerical solution in the aerobreakup simulations. A mesh independence investigation is shown 
in Figure 3.13, comparing the development of the dispersed region over time for the three 
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examined cases of Table 3.2, using a computational mesh of 100 and 200 cells per initial diameter. 
For consistency between the two mesh resolutions, the coarser simulation of 100 cells per 
diameter includes droplets up to 9.5μm, which corresponds to the local mesh resolution and thus, 
the upper limit for the dispersed region resolution with the finer mesh. In cases 1 and 2 a very 
good agreement between the different mesh resolutions is observed, while in case 3 a small 
deviation of about 10% is noticeable at the early stages of aerobreakup. Considering that any 
small deviation is enhanced by microscale droplets below 1μm, it is safe to conclude that the 
proposed numerical method is independent of the computational mesh. 
 
Figure 3.13 Volume concentration of the dispersed region over the total volume of the water phase for a mesh resolution 
of 100 (red solid line) and 200 (blue solid line) cells per initial droplet diameter. The green vertical lines correspond to 
a decrease for the width of the deforming droplet by 10%, 25% and 50%. 
3.A4) A quantitative validation for the mist dynamics and the sizes of the underlying secondary 
droplets is restricted by the visualization capabilities inside the dense mist. In the experiments of 
Theofanous [5] and Theofanous et al. [4], the utilized camera resolution of 5μm/pixel does not 
allow for the quantification of smaller droplet sizes, which are illustrated as a dilute cloud of 
undefined and shapeless structures. Thus, the extraction of any information regarding the droplet 
sizes inside the dense mist is not feasible in the available experimental visualizations. To the best 
of the authors’ knowledge, size distributions for the produced fragments after the droplet 
aerobreakup are available in up-to-date literature, but only in experimental studies of moderate 
droplet fragmentation cases [135], [136], [137], [8], [138] in the transition zone between the RTP 
and SIE regimes. In these cases, the fragments form as a part of a distinguishable liquid trace 
behind the deforming droplet and not as individual small structures inside a dense and hazy cloud; 
thus, the visualization of the underlying structures is significantly more pronounced, and a 
quantitative analysis of the produced fragments is achievable with the use of advanced 
visualization techniques.   
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4 LASER-INDUCED DROPLET 
FRAGMENTATION 
In the present chapter, the rim fragmentation of a millimetre-sized methyl-ethyl-ketone (MEK) 
droplet imposed by the impact of different millijoule nanosecond laser beams, that correspond to 
droplet propulsion velocity values between 1.76m/s and 5.09m/s, is examined. The numerical 
investigation is conducted within a physically consistent and computationally efficient multiscale 
framework, using the Σ-Υ two-fluid model with dynamic local topology detection. Overall, the 
macroscopic droplet expansion and the obtained deforming shape show good agreement with the 
experimental observations. The influence of the laser beam energy on the droplet deformation 
and the evolution of the detached fragments from the rim is demonstrated. The physical 
mechanisms that determine the droplet expansion, including the expansion velocity and expansion 
rate, along with the effect of the surrounding air flow on the detached fragments, are addressed. 
Despite the visualization limitations inside the polydisperse cloud of fragments in the 
experimental results at higher laser energy, the evolution of fragments during the fragmentation 








*To be published as:  
G. Nykteri and M. Gavaises, “Numerical modelling of droplet rim fragmentation by laser-pulse 
impact using a multiscale two-fluid approach”. 
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The droplet response to a laser-pulse impact is a polyparametric phenomenon, which remains of 
primary significance in varied state-of-the-art applications of both industrial and medical interest, 
including, among others, the extreme ultraviolet (EUV) light emission in lithography 
machines [163], [164], [165], [166], the micromachining in the fabrication of photonic 
devices  [167], [168], [169] and the laser ablation of biological tissues [170], [171], [172], [173]. 
The absorption of the laser energy by the liquid droplet results in rapid and explosive phase-
change phenomena, such as cavitation [174], [175], vaporization [176], [177], [178], and plasma 
formation [179], [180], observed in both transparent and liquid metal droplets. As a consequence 
of the developed droplet dynamics after the laser-pulse impact, the droplet moves, deforms, and 
fragments into different patterns, dependent on the intensity of the applied laser beam energy and 
the material of the liquid droplet. 
Several experimental studies in the literature investigate the laser-imposed fragmentation of a 
liquid droplet under different experimental configurations, which as a result, lead to different 
post-impact mechanisms. In the early literature, Kafalas & Herrmann [176] and Kafalas & 
Ferdinand [177] examined the explosive vaporization of single micron-sized water droplets 
imposed by a pulsed CO2-laser with an energy of approximately 0.5J per pulse. Later, Pinnick et 
al. [181] extended the explosive vaporisation study for different liquids, e.g. for ethanol and diesel 
droplets, and observed similar fragmentation patterns with the water experiments for a pulsed 
CO2 laser and comparable energy. Similar explosive response was also observed for micron-sized 
liquid metal droplets in the experiments of Basko et al. [182] and Grigoryev et al. [183]; in this 
case, the picosecond laser pulse results in the development of a plasma state inside the droplet 
under significantly high thermodynamic conditions, which triggers a violent fragmentation. More 
recently, Gonzalez Avila & Ohl [174] and Zeng et al. [184] studied a different explosive 
fragmentation mode, which is developing as an outward widespread jetting from the droplet 
surface. Specifically, the laser impact onto a millimetre-sized water droplet with a cavitation 
bubble in the centre imposes a laser-induced cavitation and bubble oscillations that penetrate the 
droplet surface; different fragmentation regimes were identified based on the dynamic pressure 
and the energy of the expanding bubble. In an attempt to control the deposition of the laser energy 
inside the droplet, Klein et al. [185], [186], [6] proposed the use of opaque liquid droplets, which 
restrict the energy absorption in a thin superficial layer on the illuminated side of the droplet. 
Specifically, Acid-Red-1 and Oil-Red-O solutions were utilized for water and methyl-ethyl-
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ketone (MEK) droplets, respectively, in order to investigate the droplet response to a broad range 
of laser energy between 1mJ and 420mJ. Additionally, the similarities between the physical 
principles that govern the laser-induced droplet fragmentation and the fragmentation due to the 
mechanical impact of a droplet onto a solid surface [8] were highlighted; the impulsive 
acceleration of the droplet due to the laser impact can be correlated with the respective droplet 
acceleration before impacting the solid. Recently, Rao et al. [187] demonstrated the influence of 
the laser focus and energy on the resulting fragmentation of an array of micron-sized water and 
diesel droplets and identified a new fragmentation pattern. Overall, the available experimental 
studies in the literature provide a thorough analysis of the droplet dynamics and the physical 
mechanisms that govern the subsequent fragmentation. However, due to the chaotic and 
multiscale character of the fragmentation process, very few quantitative data are available 
regarding the produced fragments, for instance in the high resolution experimental visualizations 
of Klein et al. [6] and Rao et al. [187], which mainly concern moderate fragmentation regimes. 
The hydrodynamics response of a liquid droplet to a laser-pulse impact is driven by the imposed 
recoil pressure on the droplet surface, as discussed in previous analytical and numerical studies 
in the literature. The smooth particle hydrodynamics (SPH) method is commonly adopted for the 
investigation of liquid tin droplets, which are subject to high energy picosecond laser beams. As 
depicted in the works of Grigoryev et al. [183] and Koukouvinis et al. [188], the SPH method can 
accurately predict the recoil pressure establishment and propagation inside the droplet, shortly 
after the laser-pulse impact, the formation of dominant cavitation regions, and the early-time 
explosive fragmentation, using a given particles population. Concerning the commonly utilized 
Eulerian methods in droplet fragmentation simulations due to mechanical 
impact [18], [87], [189], Zeng et al. [184] employed the Volume of Fluids (VOF) method to study 
the cavitation-induced liquid jetting of a water droplet with a gas bubble in the centre at initial 
conditions, impacted by a millijoule laser pulse. The coherent droplet interface and the formation 
of multiple outward liquid jets were accurately captured with the sharp interface method; 
however, the small-scaled fragments remain unresolved with the VOF method, which can result 
in significant loss of information in more violent fragmentation regimes with dominant 
polydisperse fragments. Gelderblom et al. [190] proposed the boundary integral (BI) method for 
the simulation of the laser-induced droplet deformation. The BI simulations precisely capture the 
droplet lateral expansion and width deformation under different conditions; nevertheless, the 
effects of the surrounding air and the subsequent fragmentation of the elongated liquid sheet were 
excluded from the numerical modelling. Additionally, Gelderblom et al. [190] and Reijers et 
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al. [191] presented an analytical solution for the developed flow fields inside the droplet, during  
the early-time response of the droplet to the laser-pulse impact. The analytical studies provided a 
further insight into the obtained recoil pressure and the resulting droplet dynamics that finally 
initiate the droplet deformation; however, the analysis is restricted to the early times before the 
droplet deformation becomes significant.  
Following the numerical challenges imposed by the unrevealed laser-induced droplet 
fragmentation mechanisms, there is a gap in the up-to-date literature regarding a comprehensive 
numerical analysis that can capture both the early-time droplet dynamics, evolving shortly after 
the laser-pulse impact and the later-time droplet fragmentation with consideration of all the 
produced multiscale fragments. The present study proposes the developed multiscale two-fluid 
approach, introduced in §2.2, in order to investigate the multiscale character of the later-time 
droplet fragmentation. The numerical methodology has been previously validated against droplet 
fragmentation cases, driven by the high-speed mechanical impact on a solid surface in §2.3.3. In 
the present numerical simulations, the multiscale two-fluid approach employs a sharp interface 
method for the deforming and laterally expanding liquid droplet and a physically consistent sub-
grid scale modelling for the produced small-scaled fragments, due to the rim breakup. The novelty 
of the present simulations lies on the thorough quantitative analysis of both the early-time and the 
later-time droplet dynamics with a viable computational cost. Specifically, significant information 
regarding the liquid droplet expansion into an elongated liquid sheet is revealed, concerning the 
droplet radial expansion velocity and expansion rate. Additionally, the influence of the applied 
laser beam energy is demonstrated and shows good agreement with both the experimental 
observations of Klein et al. [6] and theory. Finally, for the first time in the up-to-date literature, 
an overview of the evolution of the produced fragments’ population is presented. The fragments 
dynamics, including the development of a cloud of fragments in the course of the fragmentation 
process and the interaction between the detached fragments and the surrounding air under the 
impact of different beams, are highlighted and size distributions are obtained. 
All the details of the numerical configuration for the conducted laser-induced droplet 
fragmentation simulations are presented in §4.2, including the problem formulation as described 
in the experimental studies of Klein et al. [185], [186], [6] and the early- and later-time dynamics 
simulations. Following, in §4.3, the numerical investigations for the rim fragmentation of a liquid 
droplet, imposed by different intensity laser beams are discussed and compared with the 
experimental observations of Klein et al. [6] for the same examined conditions.  
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4.2 Numerical Modelling 
The fragmentation of a millimetre-sized methyl-ethyl-ketone (MEK) droplet imposed by the 
impact of a millijoule nanosecond laser pulse is investigated in the present study using numerical 
simulations. The MEK droplet with an initial radius of R0=0.9mm, density ρ=805kg/m³, 
kinematic viscosity ν=0.53×10-6 m2/s and surface tension γ=0.025N/m lies in a nitrogen 
environment at ambient conditions (p=1atm, T=20oC). The laser-induced droplet dynamics 
concern two main stages, namely the early-time droplet response to the laser pulse and the later-
time droplet deformation and fragmentation. The early-time droplet dynamics are discussed in 
§4.2.1 based on the experimental investigations of Klein et al.  [185],  [186],  [6] and a physically 
consistent numerical modelling is presented in §4.2.2, following the analytical model of 
Gelderblom et al. [190]; the obtained pressure and velocity fields inside the droplet are 
subsequently utilized for the initialization of the conducted numerical simulations that capture the 
later-time phenomena. The numerical simulations of the later-time droplet deformation and 
fragmentation are performed using the multiscale two-fluid approach, presented in §4.2.3. Details 
of the simulation set-up are summarized in §4.2.4. 
4.2.1 Problem Formulation 
The numerical modelling of the laser-induced droplet fragmentation is based on the problem 
formulation and the fundamental principles of the early-time droplet dynamics, as introduced in 
the experimental studies of Klein et al.  [185],  [186],  [6]. Specifically, in the experiments of  [6], 
the utilized MEK droplets are dyed with Oil-Red-O in order to control the deposition of the laser 
energy inside the droplet. Therefore, the laser energy is absorbed in a very thin superficial layer 
with thickness δ<<R0, which corresponds to the penetration depth of the laser beam into the dyed 
droplet. After the impact of the millijoule nanosecond laser pulse onto the dyed droplet, local 
boiling is observed on the superficial layer that results in the emission of a very small vapour 
mass in the surrounding air. During the vaporization and ejection of the tiny liquid mass, the 
resulting recoil pressure on the droplet surface accelerates the droplet, until it finally reaches a 
constant propulsion velocity. The momentum conservation between the vapour mist emission due 
to the local boiling on the superficial layer and the resulting droplet propulsion is expressed as: 
𝑚𝑢 = 𝜌𝑅0
3𝑈      (4.1) 
where m is the vaporized liquid mass on the superficial layer, u the velocity of the expelled vapour 
mass, ρ the liquid density, R0 the initial droplet radius and U the droplet propulsion velocity. The 
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vaporized liquid mass is strongly dependent on the laser energy, as discussed in detail in the study 
of Klein et al. [185]. Thus, the propulsion velocity scales linearly with the absorbed laser energy 





𝑢       (4.2) 
where Eabs is the absorbed laser energy, Eth is the minimum energy required to heat the superficial 
layer to the boiling point and ΔH represents the latent heat of vaporization of the liquid. 
The primary parameter that determines the laser-induced droplet fragmentation, by establishing 
the propulsion velocity and thus, the expansion rate of the droplet, is the Weber number of the 





     (4.3) 
where ρ is the liquid density, R0 the initial droplet radius, U the droplet propulsion velocity and γ 
the surface tension coefficient. 
A schematic illustration of the timescales involved in the laser-induced droplet fragmentation 
problem is depicted in Figure 4.1. Overall, the early-time droplet dynamics are characterized by 
the laser pulse that impacts the dyed droplet’s illuminated side for a duration of 5ns, followed by 
the local boiling of the superficial layer and the vapour recoil that initiates the droplet propulsion 
until a constant velocity is achieved after approximately 10μs, as observed in the experiments. 
During the vapour expulsion time τe, the droplet does not deform yet and the tiny fraction of 
ejected vapour mass from the superficial layer does not have a macroscopic influence on the 
droplet spherical shape. At later times, the deformation of the droplet surface dominates on the 
inertial timescale, defined as 𝜏𝑖 = R0 𝑈⁄ ~0.1𝑚𝑠. Eventually, the droplet lateral expansion is 
restricted by the surface tension and the extended fragmentation on the capillary timescale, 
calculated as 𝜏𝑐 = √𝜌𝑅0
3 𝛾⁄ = 4.8𝑚𝑠. The distinct separation of the characteristic timescales 
during the early- and later-time droplet dynamics provides a significant flexibility in the numerical 
modelling of the individual stages, as discussed below. 
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Figure 4.1 Separation of timescales in the laser-induced droplet rim fragmentation problem. (i) A nanosecond laser 
pulse impacts onto the left side of the dyed droplet. (ii) The vaporized liquid mass on the superficial layer is ejected 
backwards. As a result, the droplet accelerates until it reaches a constant propulsion velocity at the vapour expulsion 
time τe. (iii) The droplet propels and deforms at the inertial time τi. (iv) The surface tension and the extended 
fragmentation restrict the droplet lateral expansion at the capillary time τc. 
4.2.2 Early-Time Dynamics and Initial Fields 
The separation of timescales in the laser-induced droplet fragmentation problem allows to isolate 
the modelling of the early-time droplet dynamics from the later-time droplet deformation and 
fragmentation without introducing physical or numerical restrictions. Gelderblom et al. [190] 
provided a unified analytical model for all early-time phenomena, starting from the laser-pulse 
impact onto the droplet for a duration τp, until the droplet propulsion with constant velocity at 
time τe, illustrated in Figure 4.1(i-ii). The model is based on the pressure impulse theory, described 
by Cooker & Peregrine [192] and Antkowiak et al. [193] and concerns a pressure pulse with 
magnitude pe applied on the droplet surface for a duration τe. Accordingly, the absolute impulse 
scale peτe imposes the droplet propulsion. The momentum conservation at time τe is expressed, as 
follows: 







3𝑈    (4.4) 
where τe is the vapour expulsion time, A the droplet surface area, pe the magnitude of the pressure 
pulse, ρ the liquid density, R0 the initial droplet radius, U the droplet propulsion velocity. 
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The pressure pulse applied on the droplet surface changes the flow inside the droplet, which 
initially lies stagnant at ambient conditions. The developed pressure and velocity fields inside the 
droplet are found to be well established at time τe. As derived from the assumptions of Gelderblom 
et al. [190] for an inviscid, irrotational and incompressible flow, the pressure field inside the 
droplet at time τe is obtained from the solution of the Laplace equation: 
∆𝑝 = 0       (4.5) 
for the non-dimensional pressure field p/pe. Subsequently, the velocity field inside the droplet at 




𝛻𝑝      (4.6) 
for the non-dimensional velocity field pR0u/peτe. 
The pressure boundary condition of equation (4.5) refers to the original pressure pulse that is 
applied on the droplet surface and considers the dependence of the pulse shape on the angle θ, 
such that:  
𝑝(𝑟 = 1, 𝜃) = 𝑓(𝜃)     (4.7) 
where the non-dimensional pressure pulse f(θ) is proportional to the actual laser pulse that impacts 
onto the droplet surface in the conducted experiments of Klein et al. [185], [186], [6]. Therefore, 
Gelderblom et al. [190] suggested a Gaussian-shaped pressure pulse to remain consistent with the 
typically used Gaussian laser-beam profiles in the experiments. The Gaussian-shaped pressure 




2𝜎2      (4.8) 
where σ is the pulse width. In the experiments of Klein et al. [185], a laser-beam profile with σ= 















In the present numerical study, the previously presented analytical model for the early-time 
droplet dynamics is adapted so as to be incorporated in the CFD framework. Specifically, the 
MEK droplet is simulated as a 5o spherical wedge with one cell thickness in the azimuthal 
direction, using pimpleFoam, a transient incompressible solver in OpenFOAM®. As suggested 
in the analytical model, for times t≤τe, a pressure pulse is applied on the surface of the initially 
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stagnant MEK droplet at ambient conditions. Correspondingly, the pressure pulse is set as the 
pressure boundary condition on the spherical wedge domain, given in dimensional form as: 
𝑝(𝜃) =  𝑝𝑒𝑓(𝜃) +  𝑝𝑎𝑡𝑚      (4.9) 
Details of the numerical configuration for the simulation of the early-time droplet dynamics are 
illustrated in Figure 4.2(i). 
At time t=τe, the established pressure and velocity fields inside the droplet are calculated from the 
numerical simulations, as illustrated qualitatively in Figure 4.2(ii). Later, the obtained flow fields 
are utilized for the initialization of the droplet in the conducted numerical simulations that initiate 
at time t>τe and capture the later-time phenomena, as demonstrated in §4.2.4. 
 
 
Figure 4.2 Problem configuration and simulation set-up. (i) For t < τe, the axisymmetric pressure pulse p(θ) is applied 
on the droplet surface. (ii) At t = τe, the initial pressure and velocity fields inside the droplet are obtained. (iii) The 
initial fields are mapped into the wedge geometry. For t > τe, the droplet fragmentation is simulated using the multiscale 
two-fluid approach. 
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4.2.3 Later-Time Dynamics and Numerical Method  
The later-time phenomena, illustrated in Figure 4.1(iii-iv), are governed by the deformation of the 
droplet into an elongated liquid sheet and the subsequent fragmentation of the droplet rim. The 
detached fragments form a polydisperse cloud of secondary droplets with diameters at least two 
orders of magnitude smaller than the initial droplet. Therefore, in the course of the phenomenon, 
a flow field with dominant multiscale structures is developed, which imposes additional 
complexities in a full-scale numerical analysis with a viable computational cost.  
In the present numerical study, the developed Σ-Y two-fluid model with dynamic local topology 
is utilized for the laser-induced droplet rim fragmentation simulations. The multiscale two-fluid 
approach provides a physically consistent and numerically stable multiscale framework for the 
investigation of all the scales involved in the laser-induced droplet fragmentation problem with a 
viable computational cost. A fundamental principle of the multiscale framework is the detection 
of different flow regimes based on advanced on-the-fly topological criteria and the application of 
the appropriate modelling approach for local interfaces based on the dimensions of the underlying 
structures. In particular, the interface of the expanding but still coherent liquid sheet is fully 
resolved using the VOF sharp interface method [45], [46]. On the contrary, the produced 
fragments, which are smaller than the local mesh resolution, are modelled within a diffuse 
interface approach. In this case, an additional transport equation for the interface surface area 
density Σ [53], [55] is incorporated to model the unresolved sub-grid scale phenomena and 
provides an estimation for the dimensions of the unresolved sub-grid scale droplets. The 
governing equations of the multiscale two fluid approach, along with details of the 
implementation in OpenFOAM®, are presented in §2.2. 
4.2.4 Later-Time Simulation Initialization and Set-up 
The numerical simulations of the later-time droplet deformation and fragmentation initiate at time 
t>τe with ambient atmospheric conditions, while the flow field inside the droplet is initialized 
based on the modelling of the early-time phenomena in §4.2.2. The computational domain 
consists of a 5o wedge geometry with one cell thickness in the azimuthal direction and a mesh 
with a resolution of 200 cells per original droplet diameter around the area of interest is applied. 
Details of the initial configuration for the simulations of the later-time phenomena are illustrated 
in Figure 4.2(iii). Different Weber numbers in the range of 90 to 750 are examined with 
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corresponding droplet propulsion velocities between 1.76m/s and 5.09m/s. The simulation results 
are compared with the experimental observations of Klein et al. [6] for the same conditions. 
Regarding the numerical simulation set-up, the spatial discretization is based on second-order 
accurate discretization schemes. Time stepping is performed adaptively during the simulation to 
respect the selected limit for the convective Courant–Friedrichs–Lewy (CFL) condition of 0.2. 
The thermodynamic closure of the system is achieved by implementing the stiffened gas equation 
of state, proposed by Ivings et al. [94], for the liquid phase and the ideal gas equation of the state 
for the gaseous phase. Concerning the turbulence modelling, an LES approximation is 
implemented with the one-equation SGS model of Lahey [93]. However, the utilized 
computational domain imposes limitations regarding the accurate capturing of the turbulent state, 
which corresponds to fully 3D-developed phenomena. The simulations are initialized without 
turbulence in the flow field, since the droplet acceleration at early-times involves low velocities 
and Reynolds numbers around 103. Therefore, in the absence of developed turbulence at the initial 
conditions, the LES approximation can be applied in the present geometry of one cell thickness 
in the azimuthal direction without significant modelling restrictions.  
A crucial parameter for an accurate simulation of the later-time droplet deformation and 
fragmentation is the initialization of the pressure and velocity fields inside the droplet at time t=τe, 
as obtained from the early-time simulations of §4.2.2. For a given Weber number, the droplet 
propulsion velocity is obtained from equation (4.3) and subsequently, the absolute impulse scale 
peτe can be calculated from equation (4.4), as follows: 
 𝑝𝑒𝜏𝑒 =  
𝜌𝑅0𝑈
3
    (4.10) 
Different combinations of recoil pressure pe and vapour expulsion time τe values determine 
different initialization sets (pe, τe) for the same propulsion velocity. However, the droplet 
expansion rate is defined by the absolute impulse scale and is not influenced by the individual pe, 
τe values. Therefore, any obtained initialization set with 𝜏𝑒 ≪ 𝜏𝑖 provides a valid modelling of the 
early-time phenomena for a specified propulsion velocity. For instance, in Figure 4.3, three 
different initialization sets (pe, τe) are examined to simulate the deformation and the early-time 
fragmentation of a MEK droplet with Weber number 90. Despite the different initialization, all 
the three cases show good qualitative agreement with respect to the droplet lateral expansion, the 
subsequent fragmentation, and the production of a gradually increasing cloud of fragments. The 
independence of the droplet expansion rate on the individual pe, τe values can be generalized for 
any Weber number, as depicted in Figure 4.4 for the deformation of a MEK droplet at Weber 
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numbers 90, 170, 330, 460 and 750 and three different initialization sets for each examined 
propulsion velocity. Overall, the droplet deformation, concerning both radius expansion and 
width reduction, remains almost unaffected by the different initialization of the problem. 
Additionally, Figure 4.4 indicates the relation between the Weber number and the expansion rate 
of the droplet, showing a significantly faster evolution of the droplet deformation with increasing 
Weber number.  
 
 
Figure 4.3 Laser-induced droplet deformation and early-stage rim fragmentation at We=90 . Qualitative comparison 
of the droplet shape evolution for three different initialization sets, i.e. (i) τe=1μs, pe=4.26bar, (ii) τe=0.8μs, pe=5.32bar 
(iii) τe=0.8μs, pe=8.51bar, for the same propulsion velocity U=1.76m/s, as calculated from equation (4.10). 
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Figure 4.4 Evolution of the laser-induced droplet deformation at We = 90, 170, 330, 460, 750. (i) Droplet radius 
expansion and (ii) droplet width reduction for three different initialization sets for each examined condition, i.e., 
different individual pe, τe values for the same propulsion velocity, as calculated from equation (4.10). 
4.3 Results and Discussion 
The laser-induced rim fragmentation for a MEK droplet at We=330 is presented in Figures 4.5 
and 4.6, comparing the simulation results with the experimental observations of Klein et al. [6]. 
Following the impact of the millijoule nanosecond laser pulse, the droplet has evolved into a thin 
liquid sheet surrounded by a cloud of fragments, already at t=0.27ms in Figure 4.5(i). 
Subsequently, the liquid sheet expands further in the lateral direction and at the same time, the 
extensive rim breakup enhances the cloud of fragments with additional polydisperse droplets. The 
expanding liquid sheet is captured by the sharp interface formulation of the multiscale framework, 
while the detached fragments are subject to the sub-grid scale modelling, as illustrated in Figure 
4.5(ii). Within the cloud of fragments droplets with diameters between 0.09μm and 9μm are 
detected; the upper limit is correlated with the smallest structures that can be resolved with the 
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sharp interface method for a local mesh resolution of 200 cells per initial diameter and the lower 
limit corresponds to the spatial resolution of the utilized camera in the experiments. Overall, the 
numerically captured expanding sheet follows the deforming shape and the curvature observed in 
the experiments, while the modelled fragments are detected close to the liquid sheet during the 
early stages of fragmentation and move further backwards at later times. Moreover, the radial 
dependence of the sheet thickness, which is demonstrated in the experimental results in front view 
in Figure 4.6(i), is well predicted by the numerical simulations. Specifically, the maximum 
thickness is found in the centre of the liquid sheet and the minimum thickness is observed close 
to the rim. In consistence with the experimental observations of Klein et al. [6], the rim is captured 
as a slightly thicker border. At later times, a more uniform thickness is predicted along the 
expanding sheet length, as displayed qualitatively in the liquid sheet isosurfaces in Figure 4.5(ii) 
and extracted from the indicative calculations of the local thickness in Figure 4.6(ii). Additional 
simulations are conducted using the same early-time simulations for the initialization of the 
problem and the VOF solver in OpenFOAM®. The VOF method results, presented in Figures 
4.5(iii) and 4.6(iii), show a good agreement with the respective results obtained with the 
multiscale two-fluid approach, regarding the capturing of the liquid sheet deformation; 
nevertheless, the VOF method excludes the sub-grid scale information for the produced 
fragments. 
Focusing on the predictions of the multiscale two-fluid approach for each examined time instance 
presented in Figures 4.5 and 4.6, at time t=0.27ms, which corresponds to the inertial time τi with 
dominant droplet deformation, the numerical results meet the experimental observations and 
accurately predict the macroscopic liquid sheet expansion. At the same time, a cloud of fragments, 
that recirculate behind the expanding sheet, is captured, with the largest droplets observed close 
to the rim. Later, at time t=0.54ms, the liquid sheet thickness is reduced to about 7% of the initial 
droplet diameter. The numerical results satisfactorily follow the deforming shape of the thin liquid 
sheet and the lateral expansion, while smaller fragments are captured downstream. However, an 
early breakup is observed close to the rim, where the local thickness of the liquid sheet is 
considerably decreased; a sheet breakup is not observed in the experimental results at that time. 
The multiscale two-fluid approach predicts a similar early sheet breakup even with a finer mesh 
of a 250 cells per initial droplet diameter, as depicted in Figure 4.6(ii). In the VOF method results 
in Figure 4.6(iii), the early sheet breakup is still present but developed in a smaller extent.  
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Figure 4.5 Laser-induced droplet rim fragmentation at We=330. (i) Comparison between the experimental 
visualizations of Klein et al. [6] in sideview and the isoline of the liquid volume fraction at 10-3, obtained with the 
multiscale two-fluid approach. (ii) 3D reconstructed results in sideview and 30o angle, using the multiscale two-fluid 
approach. The expanding liquid sheet is captured by the sharp interface formulation (in grey the isosurface for liquid 
volume fraction at 0.5) and the detached fragments are captured by the diffuse interface formulation (in red the 
isosurface for fragments larger than 0.09μm). Zoomed-in view for the dimensions of the produced fragments after the 
rim breakup. (iii) 3D reconstructed results in sideview and 30o angle, using the VOF method. Iso-surface of the liquid 
volume faction at 0.5. 
Therefore, the early sheet breakup is a numerical limitation, observed with both numerical 
methods. As depicted in the simulation results, the utilized moderate mesh resolution is 
insufficient to accurately capture the significantly decreased sheet thickness around the rim. 
Additionally, the more pronounced early sheet breakup using the multiscale two-fluid approach 
is related to the modelling of slip velocity effects; the relative velocity between the very thin liquid  
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Figure 4.6 Laser-induced droplet rim fragmentation at We=330. (i) Experimental visualizations of Klein et al. [6] in 
front view. (ii) 3D reconstructed results in front view, using the multiscale two-fluid approach. The expanding liquid 
sheet, captured by the sharp interface formulation, is illustrated as the iso-surface of the liquid volume faction at 0.5 
with a mesh resolution of 200 (left) and 250 (right) cells per initial droplet diameter. (iii) 3D reconstructed results in 
front view, using the VOF method. Iso-surface of the liquid volume faction at 0.5 with a mesh resolution of 200 cells 
per initial droplet diameter. The red circle defines the borders of the liquid sheet rim in the experimental results. The 
calculated thickness of the thin liquid sheet on the central line (in purple) and on the initial droplet radius (in yellow) 
is illustrated on top of the simulation results. 
sheet and the surrounding air locally exceeds the value of 20 m/s around the rim, i.e. is 
approximately 6 times higher than the droplet propulsion velocity, and leads to the early breakup. 
Following, at time t=1.1ms, the significantly reduced thickness of the liquid sheet reaches the 
limits of the computational model. The length of the numerically captured coherent sheet is 
limited, while a trace of radial fragments follows the shape of the coherent elongated sheet, which 
  Chapter 4 Laser-Induced Droplet Fragmentation 
 
    




is shown in the experimental visualizations. The successive detachment of radial fragments from 
the sheet rim is a numerical artefact, which is previously recognized in the boundary integral (BI) 
simulations of Gelderblom et al. [190] during advanced stages of the fragmentation process.  
Instead, at the same times, the experimental results demonstrate the nucleation of holes on the 
liquid sheet as the major fragmentation mechanism. As illustrated in Figure 4.6(i), the first holes 
are already detected along the rim at t=1.1ms and thus, the assumption for an axisymmetric flow 
field is disrupted. Accordingly, the current numerical investigations focus on the droplet 
deformation and the rim fragmentation before the sheet breakup becomes significant, i.e., until 
the thickness of the expanding sheet is reduced to approximately 10% of the initial droplet 
diameter. Finally, the jetting, which is shown in the experimental results to initiate from the centre 
of the deforming droplet, is carrying a very small liquid mass and is not related to the pressure 
pulse that governs the droplet expansion, as analysed by Klein et al. [6]. Therefore, the 
investigation of jetting phenomenon remains beyond the scope of the present study. 
The effect of Weber number on the MEK droplet deformation and fragmentation is examined in 
Figures 4.7-4.10; the range of values examined are 90, 170, 330 and 750 and are presented for 
time-instances that correspond to a liquid sheet with thickness 50%, 20% and 10% of the initial 
droplet diameter. Since the Weber number reflects the droplet expansion rate, which is set by the 
droplet propulsion, the examined width deformations are observed at significantly different times 
for each case. At the initial conditions, the strong impact of the Weber number is already 
pronounced, resulting to significantly increased initial pressure and velocity magnitudes at higher 
Weber numbers. Specifically, for We=90, the initial pressure and velocity fields inside the 
droplet, as calculated from the early-time simulations in order to reach a propulsion velocity of 
1.76m/s, have a maximum value of 4.4bar and 10m/s, respectively. On the contrary, at We=750, 
the stronger pressure pulse, applied on the droplet during the early-time simulations, imposes 
initial pressure and velocity fields with the same profile but significantly increased maximum 
values up to 50.1bar and 31m/s, respectively. In the course of the phenomenon, the atmospheric 
pressure inside the droplet is rapidly recovered in a few microseconds and thus, a pressure 
distribution close to atmospheric conditions is stabilized, before significant deformation is 
observed. Therefore, the droplet expansion is primarily governed by the radial component of the 
velocity (usheet(y)), which shows maximum values on the expanding rim. At later stages, the radial 
velocity on the rim gradually decreases over time, as a result of the slightly restricted droplet 
expansion due to the dominance of the rim fragmentation. 
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Focusing on the early times of the droplet deformation, due to the strong initial pressure kick at 
We=750, the formation of a low-pressure region inside the droplet is observed, which is related 
to the creation of cavitation bubbles. As highlighted in Figure 4.10 at 0.05ms, the developed low-
pressure region is significantly small compared to the total mass of the deforming droplet and 
thus, it does not affect the macroscopic droplet expansion. Therefore, a cavitation model has not 
been implemented in the multiscale framework for the examined conditions. Instead, a very small 
volume fraction of air of the order of 10−6, which corresponds to a typical nucleation volume 
fraction [159], is introduced in the initial droplet volume fraction. Under this assumption, the 
small gaseous volumes inside the droplet will expand after the significant pressure drop, 
producing expansion similar to those that would occur with cavitation. Subsequently, when the 
low-pressure region reaches the backside of the propelled droplet interface, the gaseous volumes 
collapse. Due to the minor breakup on the local interface, very few nanoscale droplets are captured 
by the numerical model at 0.17ms; these droplets do not influence the total fragments’ population. 
Overall, the numerical results in Figures 4.7-4.10 demonstrate that an increasing Weber number 
imposes a faster deformation of the initial spherical droplet into an elongated liquid sheet and an 
earlier breakup of the sheet rim. Additionally, the effect of the Weber number on the shape of the 
deforming liquid sheet with respect to the lateral expansion and the radial distribution of the 
thickness is observed. Specifically, during the early stages of deformation, the droplet shows an 
almost identical shape in the four examined cases for the same thickness reduction by 50%; the 
examined deformation is observed at different times for each case in accordance with the Weber 
number dependent expansion rates. However, at later times, when already a thin liquid sheet is 
formed, a higher Weber number leads to an increased lateral expansion and thus, a more uniform 
thickness distribution for the same width deformation on the central line. Indicatively, for a liquid 
sheet thickness 20% of the initial droplet diameter, the lateral sheet expansion is increased by 
approximately 7% at We=330 and by 13% at We=750, compared to the predicted expansion at 
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Figure 4.7 Laser-induced droplet rim fragmentation at We=90. Initial pressure and velocity fields inside the droplet, 
obtained for U=1.76m/s and τe=1μs. Liquid sheet expansion velocity in the lateral direction, radial velocity (top) and 
dimensions (bottom) of the detached fragments for three time-instances that correspond to a liquid sheet with thickness 
50%, 20% and 10% of the initial droplet diameter. The air velocity field around the rim and the developed vortex are 
depicted on the side panels. The minimum captured thickness is illustrated at 0.83ms. 
 
Figure 4.8 Laser-induced droplet rim fragmentation at We=170. Initial pressure and velocity fields inside the droplet, 
obtained for U=2.42m/s and τe=0.5μs. Liquid sheet expansion velocity in the lateral direction, radial velocity (top) and 
dimensions (bottom) of the detached fragments for three time-instances that correspond to a liquid sheet with thickness 
50%, 20% and 10% of the initial droplet diameter The air velocity field around the rim and the developed vortex are 
depicted on the side panels. The minimum captured thickness is illustrated at 0.6ms. 
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Figure 4.9 Laser-induced droplet rim fragmentation at We=330. Initial pressure and velocity fields inside the droplet, 
obtained for U=3.37m/s and τe=0.3μs. Liquid sheet expansion velocity in the lateral direction, radial velocity (top) and 
dimensions (bottom) of the detached fragments for three time-instances that correspond to a liquid sheet with thickness 
50%, 20% and 10% of the initial droplet diameter. The air velocity field around the rim and the developed vortex are 
depicted on the side panels. The minimum captured thickness is illustrated at 0.43ms. 
 
Figure 4.10 Laser-induced droplet rim fragmentation at We=750. Initial pressure and velocity fields inside the droplet, 
obtained for U=5.09m/s and τe=0.2μs. Liquid sheet expansion velocity in the lateral direction, radial velocity (top) and 
dimensions (bottom) of the detached fragments for three time-instances that correspond to a liquid sheet with thickness 
50%, 20% and 10% of the initial droplet diameter. The air velocity field around the rim and the developed vortex are 
depicted on the side panels. The minimum captured thickness is illustrated at 0.3ms. The arrows point to the minor 
low-pressure region and the marginal amount of created droplets after collapse. 
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Alongside the liquid sheet lateral expansion, the rim fragmentation becomes more significant over 
time with more fragments to be produced at higher Weber numbers, as observed in Figures 4.7-
4.10. On average, the largest fragments with diameters above 5μm are detected close to the rim. 
Subsequently, the sizes of the newly detached fragments evolve further inside the developed cloud 
of polydisperse droplets, following the local aerodynamic conditions and the modelled sub-grid 
scale droplets interactions. The new fragments are detached from the rim with radial velocities 
(ufragments(y)) comparable with the radial velocity of the rim at the time of breakup, as previously 
discussed in the experimental study of Klein et al. [6]. Afterwards, the fragments are subject to a 
recirculation behind the liquid sheet, driven by the moving vortex that is created as a result of the 
interaction between the propelled and expanding liquid sheet and the surrounding air. The air 
vorticity is becoming less significant at the later stages of rim fragmentation; however, it still 
influences the increasing number of fragments produced at higher Weber numbers, as shown at 
0.43ms and 0.3ms in Figures 4.9 and 4.10, respectively. 
A quantitative comparison between the experimental observations of Klein et al. [6], the 
analytical model of Villermaux & Bossa [7] and the simulation results using the VOF method and 
the multiscale two-fluid approach is presented in Figure 4.11, examining the droplet radial 
expansion under different Weber numbers. In the numerical simulations, the droplet expansion is 
considered, until a thin liquid sheet with maximum thickness at 10% of the initial droplet diameter 
is formed. On the whole, the numerical results capture the strong dependence of the droplet 
expansion rate on the Weber number and satisfactorily follow the experimental observations. A 
better agreement between the numerical and the experimental results is obtained at the later stages 
of the droplet expansion process, as similarly observed for the analytical solution. Specifically, 
the VOF method results precisely follow the predictions of both the analytical model and the 
experiments, during the advanced stages of the droplet expansion. With respect to the capability 
of the multiscale two-fluid approach to accurately capture the droplet deformation and radial 
expansion, the obtained results illustrate on average a small delay of maximum 5% compared to 
the calculations with the VOF method. The slightly delayed expansion, observed with the two 
different numerical methods, can be related to the sub-grid scale modelling, which is performed 
within the multiscale two-fluid approach and accounts for the produced fragments due to the rim 
breakup. Therefore, under the multiscale framework, a part of the deformation energy that would 
be utilized for the droplet radial expansion is now employed for the development of fragments. 
However, as depicted in Figure 4.12, the volume concentration of the modelled fragments over 
the total volume of the liquid phase increases significantly at higher Weber numbers. Thus, the 
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production of fragments is not negligible in the course of the droplet expansion and the resulting 
rim fragmentation. At lower Weber numbers, the concentration of fragments relatively stabilizes 
during the rim fragmentation evolution, while with an increasing Weber number, the fragments 
population is continuously enhanced over time and even exceeds 40% of the total liquid volume 
at the later stages of rim fragmentation for the highest examined Weber number of 750. In the 
VOF simulations, the information of the dominant sub-grid scale fragments is not considered, 
since it concerns structures smaller than the resolved resolution. Instead, the VOF method creates 
non-physical large-scaled structures, larger than the computational cell size, in order to conserve 
the mass in the flow field. Therefore, with increasing Weber numbers, the multiscale two-fluid 
approach provides a more accurate and physical consistent prediction of the polydisperse droplet 
fragmentation in contrast to the numerical deficiencies of the VOF method under those demanding 
conditions. 
 
Figure 4.11 Expansion of the liquid sheet radius, as a result of the laser-induced droplet deformation at We = 90, 170, 
330, 750. Comparisons between the experimental observations of Klein et al. [6], the analytical model of Villermaux 
& Bossa [7], and the simulation results using the VOF method and the multiscale two-fluid approach until a liquid 
sheet with thickness 10% of the initial droplet diameter is formed. 
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Figure 4.12 Volume concentration of the dispersed region over the total volume of the liquid phase for the laser-
induced droplet fragmentation at We = 90, 170, 330, 750. 
An overview of the evolution of the produced fragments inside the polydisperse cloud is depicted 
in the size distributions in Figures 4.13-4.16 for Weber numbers 90, 170, 330 and 750. During 
the early stages of the laser-induced droplet rim fragmentation, only large-scaled fragments above 
1μm are detected in the volume concentration of the droplet sizes in Figures 4.13(i)-4.16(i) for 
each examined Weber number; those correspond to the first detached fragments from the rim. 
Subsequently, more fragments are detached from the rim that enhance the droplets population, 
while at the same time, the previously formed fragments interact with each other and develop 
further inside the polydisperse cloud. The modelled sub-grid scale interactions, namely the flow 
turbulence, the droplet collision and coalescence and the secondary breakup effects, are driven by 
the developed flow vorticity. Specifically, the moving vortex, which is forming behind the 
expanding liquid sheet, enhances the local mixing and the slip effects between the small-scaled 
fragments and the surrounding air and leads to further breakup of the fragments inside the cloud. 
Additionally, during the evolution of fragmentation, the rim breakup mechanism significantly 
weakens at lower Weber numbers, as depicted qualitatively in Figures 4.7-4.10; thus, a gradual 
creation of smaller new fragments is observed with decreasing Weber numbers. Consequently, at 
the later stages of fragmentation, smaller-scaled fragments below 1 μm dominate the fragments 
population and become even more significant at lower Weber numbers. For a liquid sheet with 
thickness 35% of the initial droplet diameter, the probability density functions (PDF) of the 
fragments sizes in Figures 4.13(ii)-4.16(ii) highlight the predominant presence of sizes between 
0.09 μm and 1 μm for each case. However, with an increasing Weber number, the PDFs includes 
more fragments with diameter above 5 μm; this observation comes in agreement with the more 
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violent rim breakup, taking place at higher Weber numbers. Eventually, at the final time of the 
examined rim fragmentation with a corresponding maximum liquid sheet thickness 10% of the 
initial droplet diameter, small droplets with diameters below 0.5 μm dominate the distributions 
and significantly less droplets above 1 μm are captured with decreasing Weber number, as 
depicted in Figures 4.13(iii)-4.16(iii). In coherence with the simulation results, the experimental 
visualizations of Klein et al. [6] define a minimum ligament size of a few tens of nanometres and 
depict the dominance of smaller sizes at the final size distribution in the case of a Weber number 
90.  
 
Figure 4.13 Droplets distribution inside the cloud of fragments at We=90. (i) Volume concentration of the fragments 
with diameters above 1 μm (in grey) and below 1 μm (in orange) over the total volume of the dispersed region. 
Probability density function of the fragments sizes for liquid sheet thickness (ii) 35% and (iii) 10% of the initial droplet 
diameter. 
 
Figure 4.14 Droplets distribution inside the cloud of fragments at We=170. (i) Volume concentration of the fragments 
with diameters above 1 μm (in grey) and below 1 μm (in orange) over the total volume of the dispersed region. 




(i) (ii) (iii) 
(i) (ii) (iii) 
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Figure 4.15 Droplets distribution inside the cloud of fragments at We=330. (i) Volume concentration of the fragments 
with diameters above 1 μm (in grey) and below 1 μm (in orange) over the total volume of the dispersed region. 
Probability density function of the fragments sizes for liquid sheet thickness (ii) 35% and (iii) 10% of the initial droplet 
diameter. 
 
Figure 4.16 Droplets distribution inside the cloud of fragments at We=750. (i) Volume concentration of the fragments 
with diameters above 1 μm (in grey) and below 1 μm (in orange) over the total volume of the dispersed region. 
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The laser-induced droplet rim fragmentation for a millimetre-sized MEK droplet has been 
investigated in the present numerical study, examining a range of Weber numbers between 90 and 
750 for the propelled droplet. The problem is characterized by the early-time droplet dynamics, 
imposed by the millijoule nanosecond laser-pulse impact and the subsequent response of the 
droplet until it reaches a constant propulsion velocity, and the later-time droplet dynamics, 
governed by the droplet deformation into an elongated liquid sheet and the resulting rim breakup. 
The early-time droplet dynamics were simulated within the CFD framework based on the 
analytical model of  Gelderblom et al. [190] and the developed flow fields inside the droplet were 
obtained. Subsequently, the later-time droplet dynamics were simulated using the multiscale two-
fluid approach, which allowed for the consideration of all the scales involved with a viable 
computational cost. Specifically, the radial expansion of the developed liquid sheet was resolved 
by the local mesh resolution, using the VOF sharp interface method, while the produced fragments 
due to the rim breakup were modelled under the diffuse interface approach with consideration of 
the significant sub-grid scale phenomena inside the cloud of fragments. The simulation results 
showed a good agreement with the experimental observations of Klein et al. [6] with respect to 
the shape and the expansion of the elongated liquid sheet and the development of a polydisperse 
cloud of fragments, until the nucleation of holes on the liquid sheet surface becomes significant 
and thus, the assumption of an axisymmetric problem is disrupted.  
The numerical simulations demonstrated the influence of the Weber number on the initial flow 
fields inside the droplet and the subsequent droplet deformation and fragmentation, capturing a 
higher expansion rate, a more uniform liquid sheet thickness and a more extended cloud of 
fragments at the later stages of fragmentation with increasing Weber numbers. Quantitative 
information for the radial velocity fields, which are responsible for the droplet expansion, were 
provided, showing maximum values on the rim. Additionally, during the liquid sheet expansion, 
the formation of a moving vortex behind the rim was identified, as a result of the interaction 
between the expanding liquid sheet and the surrounding air; thus, the vortical flow creates a 
recirculation region for the produced fragments. Finally, an overview of the evolution of the 
fragments’ population, during the droplet rim fragmentation and the sizes distributions at 
characteristic times of the phenomenon were presented. Overall, larger-scale fragments were 
detached from the rim at the early stages of fragmentation, while smaller fragments below 1μm 
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dominated at the later stages, as a result of the further breakup of the secondary droplets inside 
the cloud of fragments and the gradual decline of the rim breakup mechanism over time. 
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5 CONCLUSIONS AND 
RECOMMENDATIONS FOR 
FUTURE WORK 
On the present thesis, a compressible Σ-Υ two-fluid model with dynamic interface sharpening 
based on local topological criteria has been developed and implemented in OpenFOAM®. The 
novel numerical methodology accounts for both compressibility and slip velocity effects. A 
numerically stable algorithm based on flow topological criteria determines the segregated and 
dispersed flow regions and applies a sharp and a diffuse interface formulation, respectively. The 
ability of the fully-Eulerian pressure-based solver to capture intense compressible flows has been 
validated against a shock tube case. Additionally, the numerical coupling of the two-fluid model 
with an interface sharpening method has been examined and validated against a benchmark case 
of a rising bubble. 
Firstly, the multiscale framework was utilized  for the simulation of a high-speed droplet impact 
with Weber number above 105 and validated against new experimental data. The model 
functionality to operate between two different formulations based on the examined flow regime 
was demonstrated and the transition criteria of the topology algorithm were evaluated against 
typical criteria in the literature that define the initiation of breakup. The developed model 
accurately captured the macroscopic fragmentation of the droplet and the shock waves 
development  inside the coherent droplet and the surrounding air after impact. For the first time, 
the fragments produced due to the high-speed impact were quantified based on the sub-grid scale 
modelling and information which are not available from the experimental observation were 
obtained.  
Secondly, the aerodynamic breakup of a water-like droplet under the SIE regime, imposed by 
three different shock waves with Mach numbers 1.21, 1.46 and 2.64, was investigated using the 
developed multiscale two-fluid approach. During the early stages of aerobreakup, the numerical 
results accurately captured the macroscopic droplet deformation, the dominant wakes behind the 
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droplet and the stripping action from the droplet surface, as observed in the experiments. Two 
stripping mechanisms were identified to act on the coherent droplet surface. The main stripping 
mechanism is responsible for the formation of the primary stream of fragments, detached from 
the droplet equator and the droplet flattened backside, while the secondary stripping mechanism 
is present on the droplet frontside and becomes more significant at supersonic post-shock 
conditions. During the later stages of fragmentation, the evolution of the secondary droplets inside 
the dense mist was quantified and analysed based on the modelled sub-grid scale mechanisms. 
The influence of the incident shock Mach number on the mist developed was demonstrated, 
resulting to a narrower mist with more large-scaled structures with higher Mach numbers. 
Finally, the laser-induced droplet rim fragmentation for a millimetre-sized MEK droplet was 
investigated with the multiscale two-fluid approach, examining a range of Weber numbers 
between 90 and 750 for the propelled droplet. Both the early-and later-time response of the MEK 
droplet to the laser pulse were captured by the model with the macroscopic droplet deformation 
and rim breakup to show good agreement with the experimental observations. The numerical 
simulations demonstrated the influence of the laser energy on the initial flow fields inside the 
droplet and the subsequent droplet deformation and fragmentation, capturing a higher expansion 
rate, a more uniform liquid sheet thickness and a more extended cloud of fragments at the later 
stages of fragmentation with increasing laser energy. An overview of the evolution of the 
fragments in the course of the rim breakup was presented based on the sub-grid scale modelling 
and size distributions were obtained; this information cannot be easily extracted from the 
experimental data due to the formation of a polydisperse cloud of micron-scale fragments. 
Overall, the developed multiscale two-fluid approach consists of a useful numerical tool for both 
engineering and more fundamental applications with a multiscale character, providing physically 
consistent simulations with a viable computational cost. Therefore, the developed model can be 
the foundation of a complex framework of case-dependent sub-grid scale models. Specifically, 
the validation and calibration of the utilized sub-grid scale models and the implementation of 
additional models for unconsidered sub-grid scale mechanisms can provide an extended database 
of models that will be activated based on the examined flow conditions. Within this framework, 
complex flow fields that concern different materials and dominant sub-grid scale interactions, 
such as the fluidized beds applications [194], [195], can be accurately predicted. 
Additionally, the implementation of cavitation and vaporization models within the developed 
multiscale framework can allow for a full-scale analysis of flow fields with dominant phase 
change phenomena, which is not available in the literature due to the prohibitive computational 
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cost. Specifically, the simulation of a liquid spray atomization [17], [18], starting from the in-
nozzle flow and up to the secondary atomization regime and thus, accounting for the in-nozzle 
cavitation, the secondary droplets vaporization and all the scales involved, would be feasible. 
Similarly, in medical applications, a full-scale simulation of aerosols [196] with the consideration 
of the produced micron-droplets at the exit of the inhaler, the vaporization and downstream 
droplets interactions could be obtained using the sub-gid scale modelling. The implementation of 
more advanced equations of state in the form of tabulated data [197] or the PC-SAFT [198] 
equation of state would be useful for the simulations of flow fields with significant 
thermodynamics, including cavitation-driven processes, i.e. primary spray atomization with in-
nozzle cavitation [199] and laser-induced droplet fragmentation with significantly high laser 
beam energy [6], supercritical sprays [200], and fragmentation of droplets other than water, i.e., 
ouzo droplets [201].  
Finally, a valuable addition to the model would be the implementation and coupling of an adaptive 
mesh refinement (AMR) method within the VOF formation in order to be able to capture the 
examined interfaces with an increased resolution and perform computationally demanding 3D 
simulations. With this implementation, the currently presented simulations of a high-speed 
droplet impact and a droplet aerobreakup could be performed in a 3D computational domain with 
a viable computational cost in order to investigate the effect of the fully developed turbulence and 
the non-axisymmetric features of droplet fragmentation. With respect to the laser-induced droplet 
fragmentation case, the AMR method would allow for a locally increased resolution on the 
deforming liquid sheet and thus, the simulation of the process until later stages and the prediction 
of the non-axisymmetric hole nucleation on the sheet surface would be feasible. 
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